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When we  began our work on the mixed acids obtained by the caustic-oxygen oxidation 
of bituminous coal, our first concern was to find commercial applications for them. 
Just as with any other research chemical, the important question WBS, "What a r e  they 
good f o r ? " .  
acids with benzene, naphthalene , and biphenyl as the chief nuclei. 
molecular weight is about 270 and the average equivalent weight about 81. 
the average functionality is about 3 . 4 .  
bituminous coal in aqueous sodium hydroxide by means of gaseous oxygen at a temperature 
of about 29O'C. and a total pressure of about 1800 p.s.i.g. 
to discuss our general plan of attack on the problem of finding out "What are they 
good for?". 

Basically, the coal acids are a complex mixture of polyfunctional aromatic 
(1) The average 

They are made by oxidizing a suspension of 
Therefore, 

(2) In this paper, I plan 

INITIAL WORK 

The most obvious line of attack and the one generally used at the outset in 
problems of this nature is to try to use the new chemical in applications where similar 
materials are now being used; A model compound of similar structure is selected and 
then one systematically attempts to substitute the new compound for this compound in 
all the areas where it is being used. The on ly  polyfunctional aromatic acid of much 
commercial importance is phthalic acid and so it is natural to select this acid as our 
"model compound". This leads us to an investigation of the possible use of the coal 
acids in plasticizers, plating baths, synthetic lubricants, alkyd resins, and the like. 
We investigated these uses as did other investigators a good deal prior to us. 
( 5 )  In general, however, this approach w a s  not very profitable mainly because the coal 
acids are really not very similar to phthalic acid. 
complex mixture rather than a single chemical species. In addition, they are water- 
soluble, rather dark colored, and have higher functionalities and molecular weights 
than does phthalic acid. 
phthalic acid in all the applications where phthalic acid is commercially used. 

(3) (4)  

In the first place they are a 

Because of this, the coal acids appear to be inferior to 

SEPARATION 

The next logical line of attack on this problem is to attempt to separate the 
mixture into its components. If this is not feasible, perhaps the mixture could be 
fractionated into simpler mixtures or perhaps at least the dark colored components 
could be removed. Previous investigators had attempted to separate the mixture by 
distillation of the esters and by solvent fractionation. (6) 
methods ( 7 ) ( 8 )  and also investigated a fractionation based on differences of acid 
strengths ( 8 )  and even partition chromatography. 
able for the commercial separation of the components and only the fractionation based 
on the different acid strengths appeared to be of any commercial importance. 
method, a reasonable fractionation can be obtained as can be seen from Figure lbut 
the fractions are still dark-colored and are still complex mixtures. The dark-colored 
components could not b e  removed although some of the fractions obtained by the distil- 
lation of the esters, chromatography, and solvent fractionation were lighter in color 

We investigated these 

( 9 )  None of these methods was suit- 

With this 

\ 
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than  o thers .  
and sodium hypochlor i te  were a l l  q u i t e  i n e f f e c t i v e  al though t h e  hypochlor i te  treatment 
d id  give some improvement. 

T4ERMOSETTING FBSINS . 

Treatment of t h e  mixture  with hydrogen, hydrogen peroxide (lo), carbon, 

Af te r  t h e  only very l imi ted  success  of these  two l i n e s  of a t t a c k ,  some new point  
of view was required so  we then  began t o  look a t  t h e  c o a l  a c i d s  as a b a s i c a l l y  new and 
d i f f e r e n t  chemical and began t o  t r y  t o  e x p l o i t  i t s  unique p r o p e r t i e s .  The p r o p e r t i e s  
that seemed t h e  most Important were t h e  high f u n c t i o n a l i t y ,  aromatic charac te r ,  and 
perhaps the  water s o l u b i l i t y .  Although many appl ica t ions  were inves t iga ted  from t h i s  
po in t  of view, I w i l l  d i scuss  only t h e  ones t h a t  appeared t o  be of t h e  most i n t e r e s t .  

The high f u n c t i o n a l i t y  of t h e  c o a l  ac ids  suggested that they might be u s e f u l  i n  a 
highly crossl inked,  thermoset t ing r e s i n .  Their  aromatic charac te r  led  us t o  b e l i e v i  
t h a t  they could a l s o  cont r ibu te  good h e a t  s t a b i l i t y  and good r e s i s t a n c e  t o  oxygen 
a t t a c k .  Therefore, w e  f e l t  t h a t  w e  could,  perhaps, make good, r e l a t i v e l y  hea t - re -  
s i s t a n t  binder  r e s i n s  from them and we began t o  look f o r  a p p l i c a t i o n s  requi r ing  r e s i n s  
of t h i s  kind. In addi t ion ,  t h e  f a c t  t h a t  t h e  ac ids  were water-soluble  allowed the  
uncured mixture o r  t h e  p a r t i a l l y  cured r e s i n  t o  be appl ied  d i r e c t l y  from a waTer 
so lu t ion .  This  lead us t o  i n v e s t i g a t e  these  c o a l  ac id  r e s i n s  as foundry b inders ,  ply-  
wood and hardboard b inders ,  g l a s s  f i b e r  binder$, e t c .  Two of t h e  fol lowing papers 
w i l l  be concerned with these a p p l i c a t i o n s  so I w i l l  not  go i n t o  them any f u r t h e r .  

WARP SIZE 

Another unique property of t h e  c o a l  ac ids  i s  t h e i r  a b i l i t y  t o  form f i l m s .  An 
aqueous s o l u t i o n  will dry t o  a r a t h e r  tough, pale-yellow f i l m .  This  behavior i s  un- 
usual f o r  a mater ia l  of molecular weight on t h e  order  of 270. 
of a concentrated aqueous so lu t ion ,  however, provides an i n s i g h t  i n t o  the  reason f o r  
t h i s  property.  From Figure 2 it can be seen t h a t  t h e  c o a l  a c i d s  i n  d i l u t e  s o l u t i o n  
behave as indiv idua l  monomeric u n i t s  of about 270 molecular weight bu t  as t h e  s o l u t i o n  
becomes more concentrated,  t h e - v i s c o s i t y  increases  more r a p i d l y  than can be accounted 
f o r  by j u s t  t h e  increased concent ra t ion .  The molecular weight increases  as the  concen- 
t r a t i o n  increases  u n t i l  a t  very high concent ra t ions  w e  have, i n  e f f e c t ,  a high polymer. 
This  i s  probably due t o  t h e  formation of  hydrogen bonds as t h e  monomeric u n i t s  are 
brought c loser  and c loser  t o  each o t h e r  when t h e  s o l u t i o n  becomes more concentrated 
and can be considered as  a c t u a l l y  a kind of r e v e r s i b l e  polymerization. 
t h e  c o a l  ac ids  could be  used i n  a p p l i c a t i o n s  where water-soluble  polymers are used. 
We inves t iga ted  s e v e r a l  of t h e s e  a p p l i c a t i o n s  and t h e  most promising appeared t o  be 
t e x t i l e  warp s i z i n g .  
S O  I w i l l  not s a y  much about it but  I would l i k e  t o  emphasize t h e  f a c t  t h a t  t h i s  use 
i s  based on t h e  unique phys ica l  behavior  of t h e  coa l  a c i d s  and would not  be expected 
on a b a s i s  of t h e  physical  p r o p e r t i e s  of o ther  known aromatic a c i d s .  

SLURRY THINNING 

The v i s c o s i t y  behavior 

Perhaps then, 

This s p e c i f i c  a p p l i c a t i o n  w i l l  be discussed i n  a fol lowing paner 

Another a p p l i c a t i o n  based on t h e  unusual water s o l u b i l i t y  of t h e  c o a l  a c i d s  i s  
that of  s l u r r y  thinning.  It w a s  a l r e a d y  known t h a t  t h e  sodium salts of t h e  c o a l  ac ids  
were usefu l  a s  slurry th inners  f o r  weighted d r i l l i n g  muds. (11) Normally only t h e  
salts of la rge  molecular weight organic  ac ids  have t h e  requi red  s o l u b i l i t y  f o r  t h i s  
a p p l i c a t i o n  b u t  i n  t h i s  case t h e  a c i d s  themselves can be used. The c o a l  a c i d s  them- 
se lves  have shown a much wider a p p l i c a b i l i t y  than  d i d  t h e i r  sodium salts. 
s tance ,  t h e  c o a l  a c i d s  a r e  u s e f u l  f o r  th inning  ordinary d r i l l i n g  mud as w e l l  a s  
weighted d r i l l i n g  mud. 

For in-  

Figure 5 shows t h e  v i s c o s i t y  of bentoni te  d r i l l i n g  mud as a 
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f u n c t i o n  of t h e  amounts of both t h e  c o a l  a c i d s  and t h e i r  sodium s a l t s .  This a g a i n  i s  
an  example of a use based on the  unique p r o p e r t i e s  of t h e  c o a l  a c i d s .  

CONCLUSIONS 

I n  conclusion,  I would l i k e  t o  re-emphasize t h e  f a c t  t h a t  very of ten ,  as i n  t h i s  
case ,  t h e  more conventional ways of i n v e s t i g a t i n g  t h e  u t i l i t y  of a new mater ia l  may 
be unproductive but  a f r e s h  poin t  of view may provide us with an important new u s e  
based on one o r  more unique proper t ies  of t h e  mater ia l .  I n  the case of t h e  c o a l  acids ,  
t h e i r  use i n  thermosett ing r e s i n s ,  as water-soluble f i l m  formers, and a s  s l>urry. thinners  
a r e  a l l  based on unique p r o p e r t i e s  and would not  be pred ic ted  on a b a s i s  of t h e  proper- 
t i e s  of o t h e r  aromatic  a c i d s .  
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Aqueous solutions of the mixture of water soluble aromatic polycarboxylic acids(') 
produced by the caustic oxygen oxidation of coal will dry to form a rather tough water 
soluble film. One possible market for such a material is as a warp size in the textile 
industry. 
the coal acids for this use. 

In this paper we would like to summarize the results of our evaluation of 

A !iarp size can probably best be described as a vater soluble coating applied to 
the warp yarns to increase loom efficiency during weaving. The size is applied tc the 
yarns frim an aqueous s.:.lution and must be sufficiently \dater soluble so that it can 
be completely removed by a dilute detergent solution. In addition, the size must have 
good adhesion to the yarn and be sufficiently pliable to protect the ..$arp yarns from 
the flexing, abrasion, aad other stresses of the veaving operation. 

Just as the above definition implies, the only absolute methcd for evaluating 
sizes is to conduct rather extensive :ieaving trials. However the cost cf such a zesr. 
necessitates some type of preliminary testing to establish a high probability of 
success. Potential sizes can be evaluated in the laboratory if one simplifies the 
problem somewhat and looks at the desirable physical properties which are either 
afforded or enhanced by the presence of a suitable size on the yarn. In the case of 
a continuous multifilament yarn these properties vould include unitization of the 

. yarn and abrasion resistance. It,is also necessary to determine if the size has any 
degradative effects 0% the yarns physical properties in addition to establishing the 
ease of application and removal of the size. By comparing the effects of an experi- 
mental material and a commercially accepted size it is possible to get an indication 
of the probability that the experimental material may have for success in a weaving 
trial. 

The coal acids were first evaluated on continuous multifilament nylon.-yarn. 
were two principal reasons for choosing this yarn. First, it is well known that 
materials having a low pH give the best adhesion to nylon fibers and second, the low 
viscosity of the size solution suggested that the size might'not "lay" the protruding 
fibrils of a staple yarn in the desired manner. 
polyacrylic acid size (Acrysol A-1) manufactured by Rohm and Haas vas chosen as the 
control with which the coal acids were compared. 

Ease of Application and Removal 

There 

In this evaluation the widely accep-Led 

Observations made during the preparation of sized samples for testing using the 
single-end slasher shown in Figure 1 indicated that there would be no problems in 
applying the coal acid coating to the Yarn. While the use of a colored material as a 
warp size could possibly have certain advantages it has the one major disadvantage in' 
that it must be completelx removed from the woven fabric. 
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Two genera l  methods were used t o  determine whether t he  coa l  ac ids  could be satis- 
f a c t o r i l y  removed from the  yarn. 
na ture  of t he  s i z e .  Sized samples of yarn were r insed  with a stream of water for about 
t e n  minutes and then  a f t e r  drying were t i t r a t e d  :.iith d i l u t e  base t o  determine the 
amount of r e s idua l  ac id .  The r e s u l t s  of t h i s  test  ind ica ted  t h a t  the  amount of coa l  
ac ids  l e f t  on t h e  yarn was below 0.0% s i z e  pick-up. 
ou t  based on t h e  co lor  of t he  coa l  ac ids .  I n  t h i s  method samples of t h e  s ized  yarn 
which had been washed i n  an  aqueous so lu t ion  of 0.2% Tr i ton  X-100 and 0.2546 tetra- 
sodiumpyrophosphate were wound on p l a s t i c  chips and t h e  co lor  of the  yarn determined 
on a Hunter Color and Color Difference Meter (H.  A.  Gardener Laboratories,  Bethesda, 
Md.). 
similar manner. The results of t h i s  eva lua t ion  are shown i n  Table I. 

The f i rs t  of these  methods ..?as based on the  ac id i c  

A more accura te  method was worked 

Samples of yarn sized with Acrysol A - 1  and unsized yarn were t e s t e d  i n  a 

TABLE I 

HUNTER COLOR AND COLOR DIFFERENCE METER DATA 

a b - u Rd - Sample 
Porce la in  Standard 77.0 -0.2 +1.8 
Unsized Yarn 52 .a -:.0 +:.0 
Washed Yarn (Acrysol A-1) 54.9 -2.7 +:.8 
Washed Yarn (Coal Acids) 52.6 -5.0 +:.1 
Washed Yarn (Coal Acids) 55.5 -5.0 +5.2 

KEY: 
The negative numbers i n  the  ' a '  column ind ica t e  t h e  
degree of blueness and t h e  pos i t i ve  numbers i n  t h e  ' b '  
column ind ica t e  the  degree of yellowness. 

The % column ind ica t e s  the  per cent  re f lec tance .  

Although it w a s  impossible t o  exac t ly  dupl ica te  commercial methods of scouring 
o r  s i z e  removal, t h e  da ta  i n  Table I ind ica t e s  t h a t  t he  coa l  ac ids  can be completely 
removed from t h e  yarn. 

Yarn Degradation Studies 

In c e r t a i 3  cases it may be necessary t o  s t o r e  a s ized  warp f o r  prolonged periods 
of t ime. Therefore, it is  e s s e n t i a l  t h a t  t h e  s i z e  have no adverse e f f e c t s  on t h e  
phys ica l  p rope r t i e s  of the  yarn. The t e n s i l e  s t rength  and per cent  e longat ion  of 
nylon yarn which had been aged after being s ized  with Acrysol A-1  and coa l  ac ids  were 
determined and found t o  be comparable. 

Abrasion Tests 

The most widely accepted method of labora tory  eva lua t ion  of experimental s i z i n g  
mater ia l s  i s  that of determining the abras ion  r e s i s t ance  of t h e  s ized  yarn. However, 
t h e  type of a p r p r  and t e s t  may vary considerably with the  inves t iga to r  and t h e  type 
of yarn used 
which appears t o  work qu i t e  well on continuous multif i lament yarns, is based on t i e  
Duplan Cohesion Tes te r  (Geier and Bluhm Inc. ,  Troy, N .  Y . ) .  
of  a warp s i z e  i s  t o  reduce the  number of breaks i n  the  warp yarns dur ing  weaving but 
th i s  yarn break po in t  i s  not necessa r i ly  a good end poin t  on an abras ion  t e s t e r .  
is p a r t i c u l a r l y  t r u e  with continuous multif i lament y a r n  where t h e  yarn i tself  may not  
break from abras ion  alone f o r  s e v e r a l  zhousand cycles while a good s i z e  may w e l l  be 
completely destroyed a f t e r  50 cyc le s .  For t h i s  reason t h e  "fray-point ' '  was chosen as 
the end poin t  on t h e  Duplan Cohesion Tester because it c l e a r l y  shows t h e  poin t  a t  which 
t h e  s ize  f i i m  is destroyed. 

. The method which we employed i n  eva lua t ing  t h e  c o a l  ac ids ,  and 

See Figure 2.  The purpose 

This 

The use  of th i s ,end-poin t ,  which i s  shown i n  Figure 5 ,  

i 

I 

I 



! 

I 

\ 

enables one t o  measure t h e  degree of un i ty  and abras ion  r e s i s t ance  imparted t o  t h e  yarn 
by t h e  s i z e .  
we were ab le  t o  compare the  proper t ies  of t h e  commercial and the  c o a l  ac id  sizes. 
The r e s u l t s  of t h i s  eva lua t ion  are shown i n  Figure 4 .  The da ta  shovn i n  Figure 4 
ind ica tes  t h a t  t he  c o a l  ac ids  and Acrysol A - 1  a f fo rd  a comparable amount of pro- 
t e c t i o n  t o  t h e  yarn. 

By t e s t i n g  samples of yarn having varying percentages of s i z e  pick-up 

The r e s u l t s  of t h e  above t e s z s  ind ica t e  t h a t  t he  coa l  ac ids  m i g h t  be a good warp 
s i ze  f o r  nylon multif i lament yarns and suggests f u r t h e r  t e s t i n g  i n  t h e  form of a 
weaving t r ia l .  

Other Types of Yarn 

On t h e  b a s i s  of t h e  favorable r e s u l t s  obtained on nylon, t h e  c o a l  ac ids  were 
a l so  evaluated on o the r  types of continuous multif i lament yarn. 
commercial s i z e  was used as a cont ro l .  Evaluations were ca r r i ed  out  on Dacron, Orlon 
and c e l l u l o s i c  type yarns and i n  genera l  t h e  r e s u l t s  obtained were Very s imi l a r  t o  
those obtained on nylon. The r e s u l t s  of the abrasion r e s i s t ance  s tud ie s  on these  
yarns a r e  shown i n  Figures 5 ,  6, and 7. 
ac ids  might f i n d  r a t h e r  wide app l i ca t ion  as a warp s i z e  f o r  continuous multif i lament 
yarns. 

I n  each case a 

These r e s u l t s  i nd ica t e  t h a t  perhaps t h e  c o a l  

Weaving T r i a l s  

Af te r  a small  s ca l e  weaving t r i a l  w a s  conducted successfu l ly  on equipment loca ted  
i n  the  Midland Division a l a r g e r  and more thorough t r i a l  was ca r r i ed  out a t  North 
Carolina State,School of Tex t i l e s ,  Raleigh, M. C .  I n  eva lua t ing  t h e  coa l  ac ids  i n  
these weaving t r ia ls  every attempt w a s  made t o  handle the  experimental  mater ia l  i n  t h e  
same manner as it would be handled commercially. These weaving t r ia ls  vere c a r r i e d  
out on continuous multif i lament nylon yarn and here aga in  t h e  eva lua t ion  was conducted 
i n  such a manner t h a t  t he  coa l  ac ids  could be compared d i r e c t l y  with the  Acrysol A-1  
s i z e .  

I n  genera l  t he  r e s u l t s  of the  weaving tr ial  followed very c lose ly  those of t h e  
laboratory eva lua t ion .  It was noted dur ing  the  s i z i n g  operation t h a t  t h e  coa l  a c i d  
sized warp par ted  much e a s i e r  and subjected the  yarn t o  much l e s s  s t r a i n  than d id  the  
commercial s i z e .  While the  length of t h e  weaving t r i a l s  was not s u f f i c i e n t  t o  c a l -  
cu la t e  with c e r t a i n t y  the  e f f i c i ency  of t h e  s i zes  t h e r e  were fewer yarn breaks 
a t t r i b u t a b l e  t o  ' s i z e  failure' i n  the  coa l  ac id  warp than  the re  were i n  t h e  Acrysol 
warp. 

It was i n  the  last s tages  of t h e  weaving . t r ia1 ,  t h a t  i s  t he  scouring s tep ,  t h a t  
t he  only ser ious  problem was encountered. During t h i s  s t e p  the  s ized  f a b r i c  was 
acc identa l ly  exposed t o  l i v e  steam before the  scouring was s t a r t e d .  It w a s  found t h a t  
temperazures i n  t h i s  range were su f f i c i en t  t o  "se t"  t h e  coa l  ac ids  o r  ac tua l ly  cause 
chemical combination with t h e  yarn which prevented the  complete removal of t h e  co lo r  
from t h e  f a b r i c .  
180"~. or  g rea t e r  would cause varying degrees of d i sco lo ra t ion  i n  d i r e c t  p ropor t ion  
t o  the  t i m e  t h e  temperature was maintained. 
can temperatures t o  be maintained i n  t h i s  range but  t h e  coa l  ac ids  have t h e  advantage 
t h a t  t h e i r  high f l u i d i t y  w i l l  al low drying a t  lower zemperatures ( c ~ ~ o ' F . )  while 
maintaining normal s l a she r  speeds. The d i sco lo ra t ion  would probably a l s o  be lessened 
when t h e  coa l  ac ids  are used on another f i b e r  where t h e  ion ic  a s soc ia t ion  of t h e  re- 
ac t ive  groups i n  t h e  f i b e r  and s i z e  a r e  not so g rea t .  

Fur ther  t e s t i n g  i n  t h e  labora tory  ind ica ted  t h a t  temperatures of 

It i s  not uncommon f o r  s l a she r  dry ing  

V 



Summary 

The coal acids form water soluble films which may be useful as warp sizes for 
continuous multifilament yarns. The films appear to impart as much or more abrasion 
resistance to a wide range of multifilament yarns as commercially accepted sizes. 
The only apparent problem is the tendency of the coal acids to react with, and there- 
by discolor the yarn at elevated temperatures. 
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A t l a n t i c  Ci ty ,  N e w  Je rsey ,  Meeting, September 15-16, 1959 

Coal Acids - An Intermediate  For Thermosetting Resins 
BY 

Wesley L. Archer, Keith B. Bozer and Robert S. Montgomery 
The Dow Chemical Company - Midland, Michigan 

INTRODUCTION : 

Gaseous oxygen oxidat ion of an a l k a l i n e  s l u r r y  of bituminous coa l  y i e l d s  a mixture of 
water soluble  aromatic polycarboxylic a c i d s  (1). These c o a l  ac ids  have been shown t o  have 
three pr inc ip le  aromatic r i n g  systems, namely benzene, naphthalene and diphenyl (2). The 
mixture i s  s t rongly  ac id ic  and has  an  average f u n c t i o n a l i t y  of approximately three .  

The c o a l  ac ids  a f ford  an i n t e r e s t i n g  and r e l a t i v e l y  inexpensive r a w  material. One 
The large s p e c i f i c  use of t h e s e  ac ids  is i n  the  prepara t ion  of thermoset t ing r e s i n s .  

markets f o r  r e s i n s  of t h i s  type provided an i n t e r e s t i n g  f i e l d  of inves t iga t ion  and e f f o r t s  
t o  develop these r e s i n s  are out l ined  i n  t h i s  paper. 

Coal ac ids  can be reacted w i t h  an  alkanolamine, a lkylene oxide, polyhydroxy1 compound 
Variat ion of reac tan ts ,  t h e  equivalents  used or  polyamine t o  g ive  thermosetting resins. 

or  the  reac t ion  condi t ions allows a wide spectrum of r e s i n s  with varying proper t ies .  The 
polyamide, po lyes te r  or combination of f u n c t i o n a l  groups poss ib le  i n  these  r e s i n s  are 
shown i n  examples 1-5. In  examples 1, 2 o r  J an equivalent  of hydroxyl o r  amine reac tan t  

(1) R(COOH)3 + HN(CH2CHzOH)z _3 R(COOCH2-)2 (CONCH2-) 

(2 )  R(COOH)3  + HCCHzCH20Hw R(COOCHz-)s 

( 5 )  R(COOH)3 + HzN(CHz)nNH2- R(CONCHz-)3 

(4) 1 eq. R(COOH), t 1 mole NH(CH2CH20H)2+R CON(CHzCH20H)z [ I 3  
( 5 )  R(C0OH)z  + CH2CH20 _j R(COOH)(COOCHzCH2OH) 

is used f o r  each carboxylic acid equiva len t ,  while i n  example 4 one mole of diethanol-  
aaine.is used per  equivalent  of a c i d  group. 
groups which could then be crossl inked.  Use of a l a r g e  excess of a g lycol  reac tan t  with 
t h e  coa l  ac ids  a l s o  y ie lds  a r e s i n  with f r e e  hydroxyl groups. The preparat ion of a 
p a r t i a l l y  reacted e s t e r  w i t h  f r e e  carboxyl ic  ac id  and hydroxyl groups i s  shorn i n  
example 5. 
when cured at e l e v a t e d  temperatures. 

The latter r e s i n  w i l l  have f r e e  hydroxyl 

The r e s u l t a n t  water so luble  r e s i n  intermediate  gives  a crossl inked s t r u c t u r e  

A. Preparat ion and Chemistry of  t h e  Resins 

Alkanolamine, Polyhydroxy1 and Polyamine Resins 

The mixture of aromatic polycarboxylic acids  (coa l  a c i d s )  obtained from the  
Coal Research Laboratory of t h e  Carnegie I n s t i t u t e  of Technology i n  Pi t tsburgh was 
used i n  the  preparat ion of some of t h e  r e s i n s .  
weights a r e  270 and 82 respec t ive ly  giving an average carboxylic a c i d  func t iona l i ty  
of 5.3. 
Chemical Company. These c o a l  ac ids  were shown by equivalent  and molecular weight 
determinations t o  be s imi la r  t o  t h e  mater ia l  obtained from t h e  Carnegie I n s t i t u t e  
of Technology. 

t h e  coa l  ac ids  and o ther  r e a c t a n t  i n  water may be appl ied d i r e c t l y  t o  t h e  subs t ra te  
t o  be bonded. 

The average molecular and equivalent  

Many of the  l a t e r  r e s i n s  w e r e  prepared from coal  ac ids  made a t  t h e  Dow 

A novel and usefu l  f e a t u r e  of these  r e s i n s  i s  t h a t  a mere phys ica l  mixture of 

This method of a p p l i c a t i o n  el iminates  the hazard and expense of 
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organic so lvents  i n  commercial app l i ca t ions .  The r e s i n  adduct i n  a concentration 
range of 50-8@ s o l i d s  gives a water so lu t ion  of workable Viscosity and good f i l m  
forming proper t ies .  

A p a r t i a l l y  cured bu t  s t i l l  water so luble  c o a l  a c i d  resin was prepared from 
t h e  coa l  ac ids  and monoethanolamine by hea t ing  equiva len t  amounts of t h e  r eac t an t s  
a t  170°C. f o r  2 hours. 
d i s t i l l e d  off giving on cooling a water soluble s o l i d .  T i t r a t i o n  of t h i s  material 
revealed t h e  presence of nearly a l l  t he  o r i g i n a l  amine salt  groups. 
or tr ialkanolamine however y ie lds  water inso luble  products because of excessive 
c ross l ink ing  of t he  hydroxyl group. 

Approximately 8% of t h e  water of e s t e r i f i c a t i o n  slowly 

Use of  a d i  

Another p a r t i a l l y  cured, but s t i l l  water so luble  r e s i n  can be prepared from 
t he  coa l  ac ids  and pen tae ry th r i to l .  A suspension of an equivalent of pen tae ry th r i to l  
i n  a 70% s o l i d s  so lu t ion  of one equivalent of c o a l  a c i d s  i n  water was s t i r r e d  and 
heated a t  r e f lux  f o r  5 hours. The r e s u l t a n t  so lu t ion  on  t i t r a t i o n  showed 27$ e s t e r i -  
f i c a t i o n  of the  pen tae ry th r i to l ,  while a f t e r  24 hours o f  r e f lux  the  e s t e r i f i c a t i o n  
approaches an equilibrium value of 4@. The p a r t i a l l y  advanced r e s i n  is a viscous 
so lu t ion  which does not exh ib i t  any p r e c i p i t a t i o n  on s tanding  f o r  prolonged periods.  

Alkylene Oxide Derived Resins 

Ethylene,propylene and butylene oxide have been reac ted  wi th  the  coa l  ac ids  
i n  a dioxane media t o  produce p a r t i a l l y  reac ted  esters conta in ing  carboxylic ac id  
and hydroxyl groups. These products,which a r e  water so luble  i n  concenzrated 
so lu t ions ,can  be cured t o  give a thermosetting r e s i n .  The r e s i n  of primary 
i n t e r e s t  involves the reac t ion  of one mole of e thylene  oxide with t w o  equiva len ts  
of coa l  ac ids  as shown i n  example 5 -  

The alkylene oxide add i t ion  is  genera l ly  allowed t o  proceed u n t i l  one h a l f  of 
t he  carboxylic ac id  groups have reac ted  g iv ing  a r e s i n  in te rmedia te  which on f i n a l  
cure has no r eac t ive  groups. 
r a t i o  may give a thermoplastic r e s i n  on f i n a l  cure .  

Wide devia t ion  from the  50-50 ac id  hydroxyl group 

Ethylene oxide adducts with equivalent weights i n  t h e  range of 162 t o  528 
have been prepared as  have propylene oxide adducts with equiva len t  weights of 170- 
440. Reaction with butylene oxide is  slower and requi red  the  addi t ion  of a s m a l l  
amount of s u l f u r i c  ac id  and add i t iona l  hea t ing  a t  60"c.  t o  g ive  an adduct w i t h  an 
equivalent weight of 225. 

Res in~compa t ib i l i t y  with Phenol - Formaldehyde Resins 

Preliminary work has shown t h a t  various c o a l  ac id  r e s i n  adducts a r e  compatible 
with the  "A or B stage" water borne phenol - formaldehyde r e s ins .  
s a l t  charac te r  of t he  alkanolamine or polyamine - c o a l  a c i d  r e s i n s  l i m i t  t h e i r  
compat ib i l i ty  with a lcohol  borne phenol - formaldehyde r e s i n s .  

Kowever t h e  amine 

Laboratory inves t iga t ion  has ind ica ted  t h a t  an a c t u a l  r eac t ion  can OCCUI' between 
t h e  coa l  ac ids  and the  phenol - formaldehyde r e s i n .  

Various moun t s  of c o a l  ac ids  were mixed with both nA" and "B" s tage  phenol - 
formaldehyde r e s i n s  and the mixzures cured. 
t i t r a t e d  i n  order t o  determine the amounts of t h e  c o a l  a c i d s  that had been incor -  
porated i n t o  the  cured r e s i n  s t ruc tu re .  
could combine with approximately 45$ of i t s  weight of c o a l  ac ids  bu t  t h e  "B stage" 
r e s i n  only 7$ of i t s  weight. This can be explained by the f a c t  t h a t  t he  "A stage" 
r e s i n  conta ins  a much l a r g e r  proportion of free methylol groups than does t h e  "B 
stage" r e s in .  

The cured r e s i n  mixtures were then  

It w a s  found t h a t  t h e  "A stage" resin 
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B. Reaction Rate Studies 

Reaction r a t e  s tud ies  of t h e  alkanolamine - Coal ac id  r e s i n  adducts have 
afforded in fomat ion  concerning t h e  r e l a t i v e  r a t e s  of e s t e r  formation as compared 
with amide - imide formation. The usua l  methods f o r  k i n e t i c  s tud ies  a r e  use less  
i n  t h i s  case  because of t h e  h ighly  c ross l inked  and inso luble  na ture  of t h e  coa l  
ac id  r e s i n s .  The most s a t i s f a c t o r y  so lu t ion  t o  the  problem was t o  cure weighed 
samples of t he  r e s in  adduct on squares of aluminum f o i l  vhich were f loa t ed  on t h e  
surface o f  a Wood's metal ba th  con t ro l l ed  a t  a f ixed  temperature. The r e s i n  
samples were prepared f r o m  a mixture of 1:l equivalent of alkanolamine - coal  ac ids  
containing 1.6 water. The sample a f t e r  cure was d iges ted  i n  a methanol - water 
so lu t ion  and t i t r a t e d  with LN sodium hydroxide. A p lo t  of pH v s .  mi l l iequiva len ts  
of a l k a l i  revealed two po in t s  of i n f l e c t i o n s ,  one occurring a t  approximately pH7 
and ind ica t ing  f r e e  carboxylic a c i d  group and t h e  second i n f l e c t i o n  po in t  a t  pH 
9.5-10.5 which corresponded t o  t h e  amine sa l t  component. 

Samples were run f o r  var ious  t i m e  i n t e r v a l s  and t h e  mi l l iequiva len ts  of un- 
reac ted  carboxylic ac id  groups and/or amine s a l t  groups p lo t t ed  vs. t he  cure t i m e  
i n  minutes. The semilogarithmic p l o t  approximated a s t r a i g h t  l i n e  suggesting a 
f i r s t  o rder  reaction. This behavior i s  reasonable,  s ince  both reac tan ts  a r e  
combined i n t o  one molecular spec ies  by means of the  amine salt  formation. 

A t y p i c a l  p l o t  of an alkanolamine - c o a l  ac ids  r eac t ion  is shown i n  Figure 1. 
I n  t h i s  case  samples of a 1:l equiva len ts  formulation of t he  diethanolamine - coa l  
a c i d  r e s i n  were cured a t  2 6 5 " ~ .  
f r e e  carboxylic acid and amine salt groups, l i n e  B t h e  e s t e r i f i c a t i o n  rate while 
l i n e  C i s  t h e  r a t e  of  formation of the  amide o r  imide. The reac t ion  r a t e  constants 
and ha l f  l i v e s  of the mono, d i  and triethanolamine - c o a l  ac id  r e s i n  r eac t ions  are 
shown i n  Table I .  The slower r a t e s  exhib i ted  by t h e  d i  and triethanolamine resins 
are probably due t o  s t e r i c  hinderance.  
r e a c t i o n  r a t e  increase.  

Line A shows the disappearance of the  combined 

U s e  of a n  a c i d i c  c a t a l y s t  gave t h e  expected 

Cure r a t e s  of t he  diethanolamine - c o a l  ac id  r e s i n  were determined f o r  temper- 
a tu re s  i n  t h e  range of 240-:00"C. t o  give t h e  Arrhenius p l o t  shown i n  Figure 2. 
The slope of the  p lo t  i s  only s l i g h t  i n  t h i s  temperature range while determinations 
a t  150 and 210°C. gave r a t e  cons tan ts  far below t h i s  range. 
cons tan ts  may be p a r t i a l l y  due t o  a lower hea t ing  e f f i c i ency  of t he  experimental 
s e tup  a t  these  temperatures or perhaps ind ica t e  a r eac t ion  rate threshold e f f e c t .  

These lower r a t e  

Preliminary work has shown t h a t  r eac t ion  rates of t h e  coa l  acid - g l  
can a l s o  be  determined provided a lower temperature,  e.g.  150°C., i s  used 
t o  reduce t h e  evaporation lo s ses  of the  g lycol .  
of the  square of  the carboxylic a c i d  concentration vs.  time as obtained v izk  3. c o a l  
a c i d  - die thylene  g lycol  r e s i n  system. 
concentration, the  r e s u l t a n t  s t r a i g h t  l i n e  p l o t  i nd ica t e s  a t h i r d  order r eac t i32 .  
This  i s  i n  accord with t h e  mechanism of an  ac id  catalyzed e s t e r i f i c a t i o n .  
ca ta lyz ing  ac id  i n  t h i s  r eac t ion  i s  the  c o a l  ac ids  because of t he  strong ac id i c  
na ture .  

F igure  : i s  a p lo t  of t he  re - iproca l  

Since t h e  r e a c t a n t s  have the  same i n i c i a l  

The 

A rate study of t h e  c o a l  a c i d  - pen tae ry th r i to l  r e s i n  adduct has proven in- 

The r eac t an t s  were heated i n  water t o  g ive  a p a r t i a l l y  e s t e r i f i e d  

U s e  of t h e  t i t r a t i o n  procedure gave a 

t e r e s t i n g  s ince  the  results i n d i c a t e  a f i r s t  order r eac t ion  similar t o  the  a lkans l -  
amine resins. 
r e s i n  which on t i t r a t i o n  showed 1% advancement. 
t hen  cured i n  the  normal manner at 230'C. 
p l o t  shown i n  Figure 4. 
a l a r g e  por t ion  of the  p a r t i a l l y  cured r e s i n  adduct i s  i n  the  form of a molecular 
spec ies  having both a c i d  and hydroxyl groups. 
would be  pr imar i ly  an in t ramolecular  polycondensation and first order. 

Samples of the 7% so lu t ion  were 

A f i r s t  order r eac t ion  i s  reasonable i f  one considers t h a t  

Thus the  r e a c t i o n  i n  t h i s  study 
Calcula t ion  



of t h e  f i r s t  order reac t ion  rate conszant f o r  t h i s  r eac t ion  gives a value O f  0.175 
minutes-' and a half l i f e  of 5.95 minutes respec t ive ly .  

Saponi f ica t ion  of Coal Acid Resins 

A b r i e f  look a t  the  saponi f ica t ion  razes  of some of  t h e  coa l  ac id  polyes te rs  
may be of i n t e r e s t  a t  t h i s  po in t .  
ground t o  l e s s  than 250 mesh was suspended i n  N/10 sodium hydroxide. 
was s t i r r e d  a t  room temperature and por t ions  removed a t  i n t e r v a l s  f o r  t i t r a t i o n .  
The saponi f ica t ion  r a t e s  of the  diethanolamine, ethylene g lycol  and pen tae ry th r i to l  
r e s ins  of t he  coal ac ids  a re  shown i n  Figure 5 .  The 1ower.saponification rates of 
t h e  diethanolamine and pen tae ry th r i to l  r e s i n s  can be explained by s t e r i c  hinderance. 
Saponi f ica t ion  of t'ne pen tae ry th r i to l  r e s i n  by seve ra l  d i f f e r e n t  concentrations of 
sodium hydroxide shows t h a t  the  r a t e  and ex ten t  of degradation i s  propor t iona l  t o  
the a l k a l i  coccent ra t ion .  

The completely cured r e s i n  (225'C. f o r  2 hours) 
The suspension 

C .  Physical  Proper t ies  of Coal Acid Resins 

1. 

2 .  

Physical S t rength  

Sand b r ique t t e s  were used as the  t e s t  media i n  determining the  phys ica l  
s t r eng th  of t he  coa l  ac id  r e s i n s .  The one inch th i ck  sand b r ique t t e s  were of  
t h e  f i g u r e  e i g h t  shape and i d e n t i c a l  t o  the  form adopted by t h e  A.S.T.M. f o r  
eva lua t ion  of foundry molding sands. Table I1 l i s t s  the  t e n s i l e  s t r eng ths  
of the various r e s i n  bonded sand b r ique t t e s .  A l l  t h e  r e s ins  were phys ica l  
mixtures of one equivalent coa l  ac ids  and one equiva len t  reac tan t  i n  water 
unless otherwise s t a t ed .  

The r e s ins  i n  order of decreas ing  s t r eng th  a re  t h e  ethylene oxide adduct,  
pen tae ry th r i zo i ,  g lycol  ana alkanolamine adducts.  The alkanolamine type r e s i n s  
can b e  considerably overcured without idpar ing  t h e i r  s t rength ,  while a g lyco l  
r e s i n  bonded b r ique t t e  overcured f o r  j minutes a t  2 6 0 " ~ .  su f f e r s  a s t r eng th  
loss  of some 204b. 

Heat S t a b i l i t y  of Cured C o a l  Acid Resins 

Inves t iga t ion  of t h e  coa l  a c i d  r e s i n s  as a g lass  f i b e r  binder prompted 
a study of the  r e s i n ' s  hea t  s t a b i l i t y .  Br i e f ly ,  the  method of t e s t  cons is ted  
of suspending a powdered sample of t he  cured r e s i n  i n  a w i r e  screen holder 
placed i n  a v e r t i c a l  furnace.  A thermocouple placed i n  the  sample continuously 
measured the  temperature of the  sample as t h e  furnace temperature w a s  g radual ly  
increased and the  r e s i n  s t a r t e d  t o  burn. The slope of t he  combustion temper- 
a t u r e  curve between 700 and 1100°F. was used t o  express the  r a t e  of r e s i n  
combust ib i l i ty .  The rec iproca l  slope (A temp./& time) was used i n  order  t o  
obta in  numbers g rea t e r  than one. 
t h e  conditions used the  r e s i n  sample temperature w i l l  no t  exceed 700°F. 
Therefore,  the  temperature l i n e  between 700 and llOO°F. would be due t~? 
t h e  r e s i n  heat of combustion. 

I f  no r e s i n  combustion takes  place under 

A second hea t  s t a b i l i t y  tes t  appl ied  t o  our r e s i n s  determined the 
c r i t i c a l  temperature a t  which t h e  r e s i n  would completely burn without added 
hea t .  The o v e r a l l  heat s t a b i l i t y  of t he  p a r t i c u l a r  r e s i n  w a s  shown by com- 
b in ing  t h e  slope f a c t o r  and c r i t i c a l  cemperature i n t o  t h e  expression 
a t e m p . / a  t i m e  . Some of our combust ib i l i ty  da t a  from t h i s  slope method 

c r i t i c a l  temp. 
are given i n  Table 111. 
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The r e s ins  i n  order of decreasing hea t  s t a b i l i t y  are diethylene- 

tr iamine, diethanolamine, e thylene  g lycol  adduct and phenol-formaldehyde 
r e s i n s .  The hea t  s t a b i l i t y  of t he  coa l  ac id  - polyamine r e s i n  i s  s imi l a r  
t o  some melamine type r e s i n s .  

CONCLUSIONS : 

The c o a l  ac ids  undergo polycondensation reac t ions  with alkanolamines, poly- 
hydroxyl o r  polyamine r eac t an t s  t o  give thermosetting r e s i n s .  
r eac t an t s ,  r eac t an t  r a t i o s  and r e a c t i o n  conditions allows t h e  prepara t ion  of a large 
number of r e s i n s  with varying p rope r t i e s .  
of t h e  r eac t an t s  i n  water o r  a p a r t i a l l y  reacted r e s i n  which i s  s t i l l  water so luble .  

Proper choice of 

The r e s i n  adducts may be siffiple mixtures 

The cure process of t h e  various r e s i n s  can be followed by t i t r a t i o n  of t h e  s t i l l  
unreacted carboxylic acid o r  amine salt groups. Thus a method i s  ava i l ab le  f o r  the 
evaluation of various r eac t an t s  and conditions i n  the  prepara t ion  of t h e  coa l  a c i d  
r e s i n s .  

Phys ica l  p roper t ies  of these r e s i n s  t h a t  have been s tudied  include t h e i r  s t r eng th  
and hea t  s t a b i l i t y .  The r e s ins  i n  order of decreasing s t r eng th  are the  ethylene oxide 
adduct, pen tae ry th r i to l ,  g lycol  and alkanolamine - c o a l  ac id  r e s ins .  Many of t h e  coa l  
ac id  r e s i n s  have physical s t r eng ths  s u f f i c i e n t  t o  allow t h e i r  use as r e s i n  b inders .  
The hea t  s t a b i l i t y  of s eve ra l  coa l  ac id  r e s i n s  have been found t o  be super ior  t o  a 
t y p i c a l  "A stage" phenol - formaldehyde r e s i n .  

REFERENCES : 

1. Franke, N .  W. ,  Kiebler,  M. W . ,  Ruof, C .  H . ,  Sovich, T .  R. ,  and Howard, E. C . ,  
Ind. Eng. Chem., 5, 2784 - 2792 (1952). 

2. Montgomery, R.  S., Holly, E. D. and GohUre, R.  S . ,  Fuel,  Lond., 55 (29%) 60 
Montgomery, R .  S . ,  Holly,  E .  D . ,  i b i d .  56 (1957) 65 

l b v  
5-1-59, 



t 
r, 

h 

Resin 

-u3- 

TABLE I 
CURE RATES OF ETHANOLAMINE - COAL ACID RESINS AT 265"~. 

- .  Total Ester Amide/Imide 
k min-l tl/2 min. k min-l. tl/2 min. k min-l t1/2 min. 

Monoethanolamine 1.22 0.57 1.67 0.42 0.82 0.85 
Diethanolamine 0.68 1.02 0.73 0.95 0.62 1.12 

Diethanolamine 0.87 0.80 0.96 0.72 0.72 0.98 
Triethanolamine 0.41 1.68 0.46 1.50 0.28 2.44 

With poly H304 

TABLE I1 

TENSILE STRENGTHS OF COAL ACID RESIN BONDED SAND BRIQUETTES 

Reactant 
( @  green solids1 
Monoethanolamine 
Diethanolamine 
Triethanolamine 
Ethylene glycol (1) 
Diethylene glycol 
Propylene glycol 
Dipropylene glycol 
Triethylene glycol 
Ethylene oxide (2) ( 3 )  
Pentaerythritol (4) 

Cure 
Conditions 
15 min./260"C. 

I 

10 min ./260°c. 
22 min./26O0C. 
18 min. /26o0c. 
40 min. /225'C. 
45 min./250~~. 

Tensile 
Strength, psi. 

128 psi. 
4 58 
502 
562 
690 
464 
494 
580 
850 
758 

Footnotes: (1) 5.5$ resin solids 
(2) Coal acid - ethylene oxide adduct at approximately 
( 3 )  Thermoplastic after 50 min. cure 
(4) Resin composed of 1 eq. coal acid and 0.9 eq. of 

5@ reaction. 

pentaerythritol and reacted to 1 6  esterification. 

TABU I11 

COMBUSTIBILITY RATES OF CURED RESINS 

x 10-7 min-1 Resin or Coal Acid Reactant Temp. Critical Slo e 
Time (OF. min-l) Temp. OF. Critic% Temp. 

"B stage" phenol-formaldehyde 200 
5@ Diethanolamine 80 

Diethanolamine 55.5 
Diethylene -triamine 16-20 
Ethylene glycol 1-50 

5@ "B stage" phenol-formaldehyde 

400'F. 500 
680'~. 117 

700°F. 95 
690"~. 23 
625'~. 240 



-a- 
Pi*-e 1 

C U R E  RATES OF D I E T H A N O L A M I N E  
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Not f o r  Publication 
Presented Before the D i v i s i o n  of Gas and Fuel Chemistry 

American Chemical Society 
At lan t ic  C i t y ,  New Jersey, Meeting, September 1?-18, 1959 

Coal Acids - Raw Material  f o r  Foundry Resins 
BY 

Wesley L. Archer, James B. Louch and Robert S.  Montgomery 

"he Dow Chemical Company - Midland, Michigan 

LnJTRODUCTION : 

Aromatic polycarboxylic acids derived from the controlled oxidation of coal(') 
have been used t o  prepare thermosetting resins  Of i n t e r e s t  t o  the foundry industry.  
The monoethanolamine, diethanolamine, ethylenediamine, diethglenetriamine and penta- 
e r y t h r i t o l  adducts of these coa l  ac ids  were investigated as s h e l l  molding r e s in  
binders.  

The cur ren t  uses of a phenol-formaldehyde r e s i n  i n  the foundry industry i l l u s t r a t e d  
some of the market potent ia ls  f o r  t h e  new coal acid resins .  The largest  market i s  
found i n  s h e l l  molding where some 17 mill ion pounds of phenol-formaldehyde r e s in  w a s  
used i n  1957. 
i n  s t e e l  cores i s  another market with good growth poten t ia l .  

The increased use o f  the phenol-formaldehyde r e s in  with ce rea l  binders 

Sand br ique t tes  bonded with the coal acid r e s ins  were tes ted f o r  t e n s i l e  strength 
and the resins  of pa r t i cu la r  i n t e r e s t  evaluated i n  s h e l l  molding. 
pen tae ry th r i to l  preadvanced r e s i n  w a s  outstanding i n  ove ra l l  performance as a shell 
molding binder and thus w i l l  be the  r e s in  of prime i n t e r e s t  i n  t h i s  paper. 

Resin Preparation 

The coal acid - 

The r e s i n  adducts of i n t e r e s t  i n  t h i s  inves t iga t ion  were homogeneous solutions 
of the coal acids and reac tan t  i n  water. The coal acid - pentaery thr i to l  r e s in  w a s  
p a r t i a l l y  advanced i n  water t o  give a s t i l l  water soluble homogeneous solution. 
water solutions afford an easy and economical method of applying the r e s in  t o  the  sand. 
I n  most cases, equivalent r a t i o s  of  the reactants were used i n  the r e s in  preparation 
and r e s in  adduct concentrations of 60-7@ gave solutions of workable v i scos i t i e s .  
res ins  as water solutions have an unlimited storage l i f e .  

These 

"he 

Requirements of a Shel l  Molding Resin 

The f i r s t  requirement of a s h e l l  molding r e s i n  i s  t h a t  it must give a f r e e  flowing 
r e s in  coated sand which on heating thermosets t o  f i rmly  bond the  sand grains together.  
The resul tant  s h e l l  mold must have su f f i c i en t  heat res i s tance  t o  withstand the shock 
of molten metal and hold c lose  tolerances u n t i l  the  metal has s e t .  A t  t h e  proper time 
i n  the  metal set cycle the s h e l l  must also burn out t o  give collapse of t he  s h e l l  and 
a c lean  casting. 
concentration, e .g .  urea formaldehyde gives a low temperature collapse for magnesium 
and aluminum castings.  
used f o r  malleable i r o n  and s t e e l  cast ings.  

The temperature of collapse can be governed by the r e s i n  type and 

Phenolic r e s ins  afford higher heat realstance and are commonly 

The po ten t i a l  r e s in  binder must be e f fec t ive ly  and eas i ly  dispersed i n  a sand mix 
by means of a Simpson or similar  type muller. 
r e s i n  has been popular i n  the  p a s t ,  but it i s  rapidly being replaced by a more ef fec t ive  
l i qu id  r e s in  coating procedure. 
t h e  mulling operation to  dry the r e s i n  coated sand un t i l  it is  f r e e  flowing. 
of t h i s  f ree  flowing condition during storage i s  necessary f o r  optimum pat te rn  per* -I ormance 
l a t e r .  

Dry  blending of the sand and powdered 

In t h i s  procedure a source of hot a i r  may be used during 
Maintenance 
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It  i s  important t h a t  t he  r e s in  binder be cured and thermoset within a reasonable 
period of t i m e .  
t yp ica l  s h e l l  molding procedure given below. 

The approximate time and temperature l i m i t s  a r e  i l l u s t r a t e d  i n  the  

(1) The dry r e s i n  coated sand i s  dropped onto a preheated (400-500'F.) metal 
pa t t e rn  and allowed t o  remain f o r  15-55 seconds. 
the coat o r  dwell time determines the  thickness of the  shell. 

A t  t he  end of the  proper dwell time the  e n t i r e  pa t t e rn  i s  inverted 180 degrees 
allowing all the  excess and unbonded sand t o  f a l l  back i n t o  the  dump box. A 
dough l i k e  s h e l l  of r e s in  bonded sand is  lef t  adhering t o  the  metal pa t te rn .  

The metal pa t t e rn  and p a r t i a l l y  cured s h e l l  i s  then  placed i n  an e l e c t r i c  o r  
gas furnace (800-1J+00°~.) where the  cure i s  completed i n  40-60 seconds. 

The thermoset s h e l l  mold I s  then e jec ted  from t h e  metal pa t te rn  by hydraulically 
operated e j ec t ion  pins.  

This time period bo rn  as 

( 2 )  

( 5 )  

( 4 )  

The fabr ica t ion  performance and pouring behavior of t h e  s h e l l  mold i s  grea t ly  de- 
pendent on the  s h e l l  having su f f i c i en t  t e n s i l e  s t rength  a t  a reasonable r e s in  concentration, 
e.g. 5.5-% r e s in  so l id s .  Factors t h a t  a f f e c t  t he  t e n s i l e  s t rength  of the  r e s i n  bonded 
sand include the  r e s i n ' s  ac tua l  composition, the  e f f ic iency  of t he  coating operation, 
the degree of r e s in  flow before thermoset and the  temperature range necessary for t h i s  
flow. A l l  of these f ac to r s  and the conditions necessary f o r  t he  optimum t e n s i l e  s t rength  
can be evaluated by preparing br ique t tes  from the  d r i ed  r e s i n  coated sands. 

Preparation of the  Coal Acid - Pentaery thr i to l  Resin - (ET-400) 
Most of the  coa l  acids used i n  t h i s  work were prepared at t h e  Dow Chemical Company. 

These coa l  ac ids  were similar t o  those made by t he  Carnegie I n s t i t u t e  of Technology ( 2 )  
and had an equivalent weight of 80-85 and average func t iona l i t y  of approximately three.  

The f i r s t  p a r t i a l l y  e s t e r i f i e d  coa l  acid - pen tae ry th r i to l  r e s ins  were prepared by 

The reac t ion  of a 
s t i r r i n g  and refluxing the  mixture f o r  a period of 5-6 hours. The degree of advancement 
was determined by t i t r a t i o n  of the  ava i lab le  carboxylic ac id  groups. 
75% so l ids  so lu t ion  of 1 equivalent coa l  acids - 1 equivalent pentaery thr i to l  during the 
f i r s t  two hours of re f lux  i s  rapid.  An equilibrium e s t e r i f i c a t i o n  of 5% was obtained 
a f t e r  8 hours. When 0.9 equivalent of pentaery thr i to l  (7% so l id s  solution) i s  used an 
equilibrium e s t e r i f i c a t i o n  of 52% is reached a f t e r  8 hours. 
Concentration on the  e s t e r i f i c a t i o n  r a t e  i s  shown by t h e  f a c t  t h a t  a 9 6  so l ids  so lu t ion  
of ET-400-85 (contains 0.85 equivalent pentaery thr i to l )  g ives  2% e s t e r i f i c a t i o n  at  the 
end of t he  f i r s t  twenty minutes of re f lux .  

The e f f e c t  of so l id s  

The p a r t i a l l y  advanced r e s i n  is a viscous so lu t ion  which does not exhib i t  any 
prec ip i ta t ion  on standing i f  the  advancement i s  g rea t e r  than  12%. 
at  60-6s  calculated reacted so l ids  gave a very workable v iscos i ty .  

Physical Proper t ies  of the  Coal Acid - Pentaery thr i to l  Resins -(ET-400) 

The r e s in  so lu t ion  

Preparation of one quar te r  inch br ique t tes  from t h e  d r i ed  r e s i n  coated sand allowed 
a study of the  physical p roper t ies  of the, coated sands as they were re la ted  t o  the r e s i n  
composition and pretreatment. The sand coating operation w a s  done i n  a "Kitchen Aid" 
mixer or  i n  la rge  batches i n  a Simpson Muller. A source of hot a i r  d i rec ted  onto the  
sand mix shor tens the  time required f o r  t he  mulling operation. 
sand through a 42 mesh screen it was dropped i n t o  a quar te r  inch  deep br ique t te  mold 
preheated t o  425°F. The coated sand was allowed t o  stand f o r  10-15 seconds and then 
the excess unbonded sand scraped off w i t h  a t h i n  metal s t r i p .  
a t  650 '~ .  f o r  2 minutes gave the  f in i shed  t e s t  specimen. 
motor driven Die t e r t  Tensile Tester.  

After screening t h e  coated 

Curing of the  b r ique t t e  
These were then t e s t ed  on a 
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Optimum Pentaery thr i to l  Concentration i n  ET-400 

Tensile strengzh determinations have shorn t h a t  the pentaery thr i to l  concen- 
t r a t i o n  can be dropped t o  0.9 equivalent pen tae ry th r i to l  t o  1.0 equivalent coal 
acids without reducing the r e s i n ' s  bonding s t rength.  Use of a 1:l r a t i o  of hydroxyl 
t o  carboxylic acid groups would seem unnecessary since s t e r i c  hinderance;undoubtedly 
prevents t h e  reaction of some of the carboxylic acid groups. 

m y s i c e l  Strength vs. Resin Concentration 

A p lo t  of the percent of  reacTed r e s in  so l id s  on a coarse.0ttawa sand vs. the 
resu l tan t  t e n s i l e  strengths i s  shown i n  Figure 1. The br ique t tes  were bonded with 
an ET-400-9 r e s in  with a preadvancement of 17.5% and cured f o r  2 minutes a t  6 5 0 " ~ .  
A t ens i l e  s t rength  of 360 p s i .  is  obtained a t  t he  4% r e s in  l e v e l  commonly used i n  
commercial s h e l l  molds. N a t u r a l l y ,  t he  s t rength  a t  a ce r t a in  r e s i n  l eve l  w i l l  vary 
with the s i z e  d i s t r ibu t ion  of  t he  sand, the clay content of the sand, the resin 
composition and the coating techniques. 
l a t e r .  

Effect of Resin Preadvancement 

Each of these f ac to r s  will be discussed 

The t e n s i l e  strength of the  ET-400 r e s in  coated sand has been found t o  be a 
function of the resin preadvancement. The preadvancement necessary f o r  optimum 
tens i l e  s t rength  appears t o  be i n  the range of 1?-18$. 
of preadvancement on the t e n s i l e  strengths of two d i f f e ren t  r e s i n  coated sands. 
This pa r t i cu la r  data w a s  obtained on small one and a half pound batches of sand 
coated i n  a "Kitchen Aid" mixer. 
muller demonstrates t ha t  higher t e n s i l e  strengths may be expected from the more 
e f f ec t ive  coating obtained with a Simpson Muller. 

Figure 2 shows the e f f ec t s  

The one t e n s i l e  s t rength  value i n  Figure 2 marked 

The presence of clay and other  nons i l ica  impurit ies i n  the Vasser bank sand 
could explain the differences i n  t e n s i l e  s t rength  of the Vasser bank AFS 100 sand 
as compared with the high s i l i c a  content Wedron AFS 116 sand. The clay and s i l t  
impurit ies could indeed decrease t h e  flow of the resin before the thermoset. 
flow of the r e s in  coating on a sand g ra in  t o  the  surrounding sand grains  and 
formation of a complete bond would be decreased. 

The most important property controlled by r e s i n  advancement i s  the r a t e  and 

Thus, 

temperature a t  which the r e s i n  flows. The improved flow behavior of the r e s in  on 
coated sands with l e s s  preadvancement i s  d i r ec t ly  re f lec ted  i n  the  improved t ens i l e  
s t rengths .  The temperature at which the r e s in  f i lm  on a sand gra in  w i l l  s t a r t  t o  
f l o w  can b e  determined and is r e fe r r ed  t o  as the s t i c k  point .  
ment of the ET-400 re s in  gives a lower s t i c k  point and a r e su l t an t  higher t ens i l e  
s t rength.  

A lower preadvance- 

Preliminary observations have shown that the  amount of moisture pickup by the 
r e s i n  coated sand is  another f a c t o r  controlled p a r t i a l l y  by the degree of r e s in  
advancement. 
coated sand w i l l  remain i n  a f r e e  flowing condition before ac tua l  use. 
coated i n  3. Simpsor Mulier with a r e s i n  of at  l e a s t  1% preadvancement w i l l  give a 
s table  f r e e  flowing sad.. This range of r e s i n  preadvancement may a l s o  be expected 
tolgive uearly optimum t e n s i l e  s t rengths .  

Thus, adequate r e s in  advancement is  necessary so t h a t  the r e s in  
Sand 

Shell Mold m d  Core ?&xication 

The E1'-4CO r e s i n  with optimum sand binding prop, - r t i e s  was thel? examined i n  the 
The small :hree prong cover p l a t e  type ac tua l  fabr ica t ion  3f s h e l l  molds and cores.  

s t e l l  mold t h a t  - a s  presared on a small dump box machine is shown i n  Figure 5 .  
s h e l i  cores have a l s o  been prepared on a commercial Shalco core blowiag machine. 

Hollow 
Both 
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pieces of equipment employ the  same bas ic  pr inc ip les  of investment, removal of excess 
unbonded sand and f i n a l  cure as outlined e a r l i e r .  

A .  Sand Coating Procedure 

The proper mulling procedure i s  second only t o  the r e s i n  i n  determining the 
f i n a l  behavior of the coated sand i n  s h e l l  mold fabricat ion.  The r e s in  formu- 
l a t ions  f o r  ac tua l  s h e l l  f ab r i ca t ion  were applied t o  20 pound batches of sand 
contained i n  a Simpson Muller. 

A t yp ica l  coating operation f o r  t he  Simpson Muller i s  given below: 

(1) Charge 9000 grams of sand and 550 grams of l iquid ET-400-9 r e s in  
(4% reacted so l id s  on sand) and 20 grams Acrawax (0.22q6) t o  the muller. 

( 2 )  MUU f o r  1 minute. 

( 5 )  Hot a i r  supply s t a r t ed  and continued u n t i l  coated sand went through the 
agglomeration stage.  

Mulling continued f o r  an addi t iona l  15 minutes with hot a i r .  

Coated sand dumped and screened through a 40 mesh screen. 

( 4 )  

(5) 

The Acrawax serves a s  a lubr icant  f o r  the f i n a l  r e s in  coated sand and helps 
the sand r e t a i n  i t s  f r e e  flowing charac te r .  
was furnished by a small modified h a i r  dryer with a maximum nozzle temperature of 
500°F. 

The hot a i r  for the  mulling operation 

During the agglomeration s tage it w a s  found necessary t o  stop the muller 
several  times and manually break up the p l a s t i c  l i k e  sand mass. Coating of 720 
pound batches of Nugent AFS 75 sand with ET-400 i n  a commercial s ize  muller did 
not give t h i s  problem. The e n t i r e  cycle from r e s i n  addition t o  coated sand d i s -  
charge required 14 minutes i n  the commercial setup. Tota l  time f o r  the coating 
operation i n  t h e  small Simpson Muller was 55 minutes. 

B. Shel l  Mold Properties 

A Nugent AFS 75, coarse Ottawa or  Wedron AFS 116 sand coated with 4% of ET- 
400-9 r e s in  gave good three prong cover p l a t e  s h e l l  molds at a pa t te rn  temperature 
of 450-50OoF., investment time of 15 seconds and cure time of 40-60 seconds. 
r e s in  preadvancement of approximately 15% i s  preferred f o r  maximum t e n s i l e  strength 
and pa t t e rn  performance at a low pa t t e rn  temperature of 450°F. Moisture s t a b i l i t y  
of the ET-400-9 coated sand appears t o  be good since no buildup of coated sand on 
the back s ide of the s h e l l  and/or pee l  back of a portion of the s h e l l  occurs. An  
excessive amount of moisture a l so  tends t o  cause the agglomeration of  the individual 
sand p a r t i c l e s  i n t o  un i t s  of several  p a r t i c l e s .  These small agglomerates give poor 
packing of the sand p a r t i c l e s  a t  the  pa t t e rn  surface and the resu l t ing  poor surface 
hardness and strength.  

A 

The di f fe rences  i n  t e n s i l e  s t rengths  of a high s i l i c a  sand and bank sand s h e l l  
mold i s  again i l l u s t r a t e d  by the following values.  
4% ET-400-9 (advanced 16$) coated Nugent sand averaged 515 ps i .  a s  compared t o  the  
value of 795 ps i .  f o r  the r e s in  on Wedron sand. Hardness as measured by a Die te r t  
Hardness Tester was 80 f o r  the Nugent s h e l l s  and 90 f o r  the Wedron sand shel ls .  

The t e n s i l e  s t rength  of the 

Recent work has shown t h a t  the addi t ion  of a nonionic surfactant ,  e.g. 0.25% 
Tri ton  X-100, t o  the r e s i n  coated Nugent or Vasser sand w i l l  give a 2% s t rength  
increase.  Replacement of 5C$ of the  pen tae ry th r i to l  i n  t he  ETA00 r e s i n  with a 
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glycol o r  ethylene oxide adduct w i l l  also give a 25-4& increase i n  the  r e s in  
strength.  
can be expecced t o  average 400--b50 ps i .  

Thus the t ens i l e  s t rength  of a modified 4% ET-400-9 coated Nugent sand 

A f i e l d  t e s t  of t he  ET-400-9 r e s i n  as 2 s h e l l  molding binder has been attempted 
at a malleable i ron  foundry. The r e s in  used i n  t h i s  t e s t  was one of t he  e a r l i e r  
~ ~ - 4 0 0 - 9  formulations preadvanced t o  28.5%. The performance of the  r e s i n  i n  the  
coating of the Nugent sand i n  720 pound batches was good. 
inck:ss i n  s i ze  were fabr ica ted  at  a pa t t e rn  temperature of 500°F., investment time 
of 34 seconds, and cure time of 50-60 seconds. 
inch s h e l l  molds being e jec ted  from the  pa t t e rn  after cure. 
castings weighing 11 pounds a piece were successfully c a s t  without ady major metal 
breakouts. 
t e n s i l e  strength.  Tensile bars prepared from t h i s  coated sand gave an average 
t e n s i l e  s t rength  of 170 ps i .  
some 400 p s i .  strength on Nugent sand may give the  needed addi t iona l  s t rength  f o r  
a completely successful commercial t e s t .  

S h e l l  rnolds of 20 x 50 

Figure 4 shows one of the  20 x 50 
Approximately 25 

The major point f o r  improvement appeared t o  be the need f o r  increased 

The a b i l i t y  of t h e  newest ET-400 formulation t o  give 

C. Shell Core Properties 

Acceptable commercial hollow s h e l l  cores ( 2 5  inches i n  length and 2 i5  inches 
i n  width) have been fabr ica ted  on a Shalco core blowing machine using a 5 .5$  ET- 
400-9 coated Wedron sand, The r e s in  had been advanced t o  28.$ es t e r i f i ca t ion .  
She l l  cores with exce l len t  hardness (90 on Dietert Tes t e r ) ,  d e t a i l  and s t rength  
were prepared a t  600'~. w i t h  an investment time of 3-15 seconds and cure time of 
1.5-2.0 minutes. These conditions correspond t o  cure conditions used with a 
commercial phenol-formaldehyde r e s in  coated h igh  s i l i c a  sand. 

Core Binders 

The foundry indus t ry ' s  i n t e r e s t  i n  improved core  binders has encouraged the  use 
of t he  urea formaldehyde and phenolic formaldehyde r e s ins .  Pr inc ip le  use of the  phenolic 
r e s in  i n  so l id  foundry cores has been l imi ted  mostly t o  s t e e l  cores.  The need f o r  a 
more hea t  r e s i s t a n t  binder f o r  s t e e l  cores has l imi ted  the  r e s i n  t o  a phenolic type. 
The cheaper urea formaldehyde type r e s i n  f inds  wide use i n  the  nonferrous and fe r rous  
type foundries.  Both res ins  a re  used i n  conjunction with various ce rea l  f l ou r s  and core 
o i l  binders.  

Preliminary da ta  ind ica tes  t h a t  severa l  of the  coa l  acid type r e s ins  may f ind  
u t i l i t y  i n  foundry cores. 
been prepared from an O t t a w a  AFS 60 sand bonded v i t h  1.e ET-400-9, I..@ Mogul B 2 i 1  
f l o u r  and 5$ w a t e r .  Core mixes of t h i s  type have been successfully core blown with 
commercial machines. 
paper also suggests the possible use of these  i n  the core binder appl ica t ion .  

Spec i f ica l ly ,  cores with t e n s i l e  strengths of 570 ps i .  have 

The t e n s i l e  da ta  of other coa l  acid r e s ins  given i n  the  preceding 

Preparation of br ique t tes  from a moist r e s in  coated sand and allowing the  br ique t tes  
t o  stand a t  room temperature leads t o  the  development of considerable green strength.  
This green s t rength  is  the  r e s u l t  of the  a i r  drying of the  r e s i n  film t o  give a "dry" 
water p l a s t i c i zed  r e s i n  f i l m  surrounding and bonding each sand pa r t i c l e .  
amine r e s i n  adduct f o r  example, y ie lds  an optimum s t r eng th  of 525 ps i .  a t  a 6% r e s in  
concentration while @ of  the  diethylenetriamine adduct gives a green s t rength  of 
240 p s i .  a f t e r  only 20 hours at  room temperature. 
a l so  be  of i n t e r e s t  i n  sand core fabr ica t ion .  

CONCLUSIONS : 

The diethanol- 

This green s t rength  property could 

Increasing foundry i n t e r e s t  i n  new synzhetic thermosetting sand binders has opened 
markets f o r  r e s i n  binders t h a t  have new and improved phys ica l  p roper t ies .  
sand binder for t h i s  purpose may be derived f r o m  the  oxidation products of bituminous 

A new t;rpe of 
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coal.  
alkanolamine, polyhydroxy1 o r  polyamine reac tan t .  

Spec i f ica l ly ,  thermosetting r e s ins  may be prepared from these  coa l  ac ids  and an 

The coa l  acid - pentaery thr i to l  r e s in  (ET-400-9) preadvanced t o  lJ-l@% e s t e r i f i c a t i o n  
i s  of pa r t i cu la r  i n t e r e s t  in s h e l l  molding work. A 13-18$ preadvancement w i l l  produce 
a f r ee  flowing sand with optimum tens i l e  strength.  Experimental s h e l l  molds have been 
prepared with t h i s  ET-400-9 r e s i n  at  a pa t te rn  temperature of 450-50G°F., investment 
time of 15 seconds and cure tiffie of 40-60 seconds. Both high s i l i c a  content sands and 
bank sands have been used i n  the  s h e l l  mold fabr ica t ion .  
515 ps i .  of t e n s i l e  s t rength  can be expected with a medium f i n e ,  unwashed Sank sand. 
The addition of a sur fac tan t  t o  the r e s in  increases the s t rength  of the  r e s in  bonded 
bank sand t o  400 p s i .  
t ens i l e  s t rength  t o  795 ps i .  

A t  a 48 r e s i n  concentration 

Use of a f i n e ,  washed high s i l i c a  content sand increases the  

One attempt t o  use ET-400-9 as a commercial s h e l l  molding binder indicated t h a t  
a somewhat grea te r  t ens i l e  strength is necessary. 
advancement nay afford the needed s t rength  improvement. Tensile strengths of t he  
ur ig ina l  r e s i n  bonded sand were 170 p s i .  a s  compared t o  the  later t e n s i l e  s t rengths  
of 4C0 m i .  (contains 0.2% sur fac tan t ) .  Commercial s h e l l  cores have a l so  been 

A new formulation with only l5$ 

. .  
fabricated with ET-400-9. 
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INTRODUCTION 

Carbon dioxide can r e a c t  with carbon to form carbon monoxide. This  i s  a 
r e v e r s i b l e  reac t ion  which can be represented by t h e  equat ion 

c + co, 2 2 co . 
Factors  such as the  type of  carbon used and the  impur i t ies  present  in t h e  carbon 
can d r a s t i c a l l y  a f f e c t  t h e  rate of t h e  reac t ion .  

There have been a number of  mechanisms proposed f o r  t h i s  reac t ion  (1-10)~ 
Most of these  mechanisms p u s t u l a t e  t h e  fonnat iun of a sur face  oxide o r  complex a s  
an intermediate  s t e p  i n  t h e  reac t ion .  There is some agreement that the sur face  
complex does not e x i s t  a t  temperatures  above 800°C. and, hence, does n o t  p l a y  an 
important role i n  the  r e a c t i o n  c a r r i e d  o u t  a t  higher  temperatures. 

I n  order  to i n v e s t i g a t e  t h e  carbon-carbon dioxide reac t ion  wlth 
p a r t i c u l a r  emphasis on t h e  role of any sur face  oxide intermediate ,  c e r t a i n  f a c t o r s  
must be considered. Since t h e  s u r f a c e  oxide is  bel ieved t o  b e  unstable  a t  temper- 
a t u r e s  g r e a t e r  than 800°C., the  r e a c t i o n  should b e  c a r r i e d  o u t  a t  temperatures a s  
much below t h i s  po in t  as poss ib le  i n  order  to maximize the  p r o b a b i l i t y  of sur face  
oxide formation. 
i s  r e l a t i v e i y  small (approxfmately 1 0  micromoles p e r  square meter f o r  carbon 
monoxide as the adsorbate  (11) ) .  Therefore, the r e l a t i v e  change i n  pressure  
r e s u l t i n g  from t h e  formation of a given amuunt of sur face  complex can be maximized 
by opera t ing  at  low pressures .  A s u f f i c i e n t  number of  the  r e a c t i o n  v a r i a b l e s  have 
t o  b e  measured t o  be ab le  t o  compute a complete m a t e r i a l  balance throughout the 
progress  o f  the react ion.  Furthermore, the measuring system has t o  be s e n s i t i v e  
enough t o  d e t e c t  small amounts of r e a c t i o n  i n  order  t o  minimize the  e f f e c t  of  
changing sur face  area during t h e  course  of the  reac t ion .  

For t h i s  inves t iga t ion ,  carbon was reac ted  with carbon dioxide a t  
tanpera tures  from 4oOoC. t o  700°C. and a t  s t a r t i n g  pressures  from 2 .7  t o  16 
microns of  mercury. 
Gf carbon dioxide and carbon monoxide using a mass spectrometer. 
of  the  mass spectrometer was s u f f i c i e n t l y  g r e a t  to d e t e c t  sur face  coverages of 
0.01 per  c e n t  and reaction of 0.001 per  cent  of  the carbon i n  t h e  system. 

The amount of gas necessary t o  completely cover  a carbon sur face  

The r e a c t i o n  w a s  followed by monitoring the p a r t i a l  p ressures  
The s e n s i t i v i t y  

APPARATUS AND EU'KRIMENTBL pBocED[IKE 

Figure 1 shows a schematic p i c t u r e  of  t h e  l ow pressure  reactor. The 
tubing in the systent is It inches i n  diameter; t h e  volume of t h e  system is 16.6 
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l i ters.  
convection w i l l  a i d  i n  the mixing of the r e a c t i n g  gases. The system can be 
evacuated to  pressures  of 10-5 mm. Hg using an o i l  d i f f u s i o n  p m p  which-is 
connected t o  t h e  r e a c t o r  by stopcock SI. 

The fused s i l i c a  r e a c t o r  tube i s  set a t  a n  angle  of 45' so that thexmal 

There are t h r e e  pressure  Leasuring devices  - an ion iza t ion  gauge, 
a thermocouple gauge and a McLeod gauge. Since the  mass spectrometer measures 
p a r t i a l  p ressure  of a l l  gases present ,  i t  a l s o  can be used as a pressure measuring 
device. 

The r e a c t i o n  system can b e  i s o l a t e d  fmm the mass spectrometer by 
stopcock S,. The r e a c t i o n  gases are admit ted to  the r e a c t i o n  system through 
stopcocks S, and S3. 

The carbon sample i z  placed i n  a 1 x 5 cm. fused s i l i c a  tube sea led  a t  
one end. The sample conta iner  can be lowered i n t o  the  r e a c t i o n  tube through a 
sample por t  i n  the upper p a r t  of the apparatus .  The sample conta iner  rests on a 
fused s i l i c a  tube, which extends upwards from t h e  bottom of the  reac t ion  tube. 
This support tube a l s o  contains  a chromel-alumel thermocouple. The cap f o r  the  
upper p o r t  i n  the  r e a c t o r  conta ins  a Pyrex o p t i c a l - f l a t  window through which t h e  
sample can be observed. 

The sample i s  heated by a 1 KW tube furnace which surrounds t h e  reac t ion  
tube. 
by the thermocouple i n  the sample support tube, i s  regula ted  by an automatic 
cont ro l le r - recorder .  

The furnace i s  82 inches long. The temperature of  the  furnace, a s  ind ica ted  

The mass spectrometer has been modified so t h a t  t h e  r e a c t o r  can be 
d i r e c t l y  connected to the  i n l e t  l eak  of the  spectrometer  analyzing tube. Under 
the condi t ions used i n  t h i s  inves t iga t ion ,  the  spectrometer  bled off less than 
two per  cent  of the  t o t a l  gas present  during the  course  of a run. 

A programmed magnetic f i e l d  c o n t r o l l e r  was cons t ruc ted  to enable t h e  
mass s ectrometer  t o  s e q u e n t i a l l y  monitor the mass 44 (C0,f) ion  beam and t h e  mass 
28 ( C O  ) ion beam every 15  seconds. P 

In o r d e r  t o  determine t h e  time cons tan t  of the  analyzing system, t he  
r e a c t o r  was f i l l e d  with carbon monoxide t o  a pressure  of 8 microns of mercury; 
and a 5 per  cent  increment of carbon dioxide w a a  admit ted i n t o  the  reac tor .  By 
a d j u s t i n g  the mass spectrometer  t o  monitor mass 44 (CO,+), the  time taken f o r  the 
4ir peak t o  reach a s teady  s t a t e  gives  an idea of the  rate of  d i f f u s i o n  and mixing 
of the  gases  i n  t h e  reac tor .  It w a s  found t h a t  the response of the  Spectrometer 
was p r a c t i c a l l y  instantaneous,  with a s teady  state value obtained within 5 seconds. 

The carbon used f o r  t h i s  i n v e s t i g a t i o n  was a highly  ground s q l e  of  SP-1 
spectrographic  graphite*. The spectrographic  g r a p h i t e  was ground** f o r  16 hours 

* The unground SP-1 sample was suppl ied by t h e  National Carbon Cmpany. 

The SP-1 sample was ground through t h e  cour tesy  o f  M r .  S.B. Seeley of the 
Joseph Dixon Crucible  Company. 



in a vacuum ball mill in =der tu i n c r e a s e  i t s  surface area, as descr ibed r e c e n t l y  
by Walker and Seeley (12). A f t e r  gr inding,  the area of the g r a p h i t e  wear dus t  was 
560 u ~ . ~ / p .  'rhe grinding process introduced a. 5 per cent  im into the sample. 

The carbon sample was heated t o  a temperature of 850°C. in vacuum f o r  
3 hours p r i m  t o  a h  m. 
t h e  hea t ing  of t h e  sample et t h e  end of  each nm were a r e s u l t  of the reaction and 
M t  the  p a s t  histuzy of the carbon. 

This pretreatment  insured that t h e  gases  evolved upon 

BeSULTS AND DISCUSSION 

Figure 2 s k m  t y p i c a l  data obtained from the  mass spectrometer during 
h iun. This  f i p r e  i l l u s t r a t e s  how che s p ~ c c r ~ m e t e r  i s  c a l i b r a t e d  f o r  u r b m  
monoxide,and carbon dioxide j u s t  p r i o r  t o  and immediately a f t e r  thE r e a c t i o n  
period. Alsu i t  s k m  removal of the  sur face  c m ? l e x  as carbon monoxide upon 
outgassing t h e  sample fol lowing the reac t ion .  

Figure 3 presents the  r e s u l t s  of t h i s  nm after data reduct ion.  The 
reac t ion  r a t e s  could be dupl ica ted  to wi th in  5 per  cent  Ln runs at :he saine temper- 
a ture .  It was  found :hat the rate of carbon monoxide formation vas s l i g h t l y  l e s s  
than t v i c e  the r a t e  of  carbon d ioxide  consmptron. This depar ture  from a tcpo to 
one r a t i o  involves  a small m o u n t  of  carbon monoxide " t ied"  t o  t h e  sur face  of 
the  carbon sample. This complexed carbon mnox ide  co-uld be recovered by heat ing 
the carborr i n  a vacuum at higher  cemperatures a f t e r  the run. 

Figure 4 shows t h e  p l o t s  of log carbon dioxide concentrat ion versus tw 
for :he reac t ion  over  the temperature range 400" t o  7@OoC. The experimeztal data 
very closely follow a 1- func t ion  throughout t h e  course of the reaction at al l  
temperatures. This i n d i c a t e s  t h a t  the rate of reac t ion  o f  Larbor, dioxide i s  f i r s t  
o rder  with respec t  to t h e  c a r b n  d ioxide  pressure  throughout the  entire reac t ion  
a t  a l l  tenrperatures imres t iga ted .  

With t h e  experimental condi t ions  used in this inves t iga t ion ,  two f a c t o r s  
c ~ z n  h f f e c t  the r e a c t i o n  rate, chemical r e a c t i v i t y  and the  rate of d i f f u s i o n  5f t h e  
reaccing gas  through rrhe unconsolidaLed carbon sample. IJhen &he rate of d i f fus ion  
i s  large compared t o  the  rate of chemical reac t ion ,  t h e  l a t t e r  w i l l  canple te ly  
cont ro l  che over -a l l  rate af reac t ion .  Under these  condi t ions the  rate of 
reac t ion  p e i  u n i t  sur faca  area w i l l  no t  be a f f e c t e d  by v a r i a t i o n  i n  sample size.  
However, i f  the  rate of chenicz l  reacrrion is g r e a t e r  than the  rate of i n t e r n 1  
d i f fus ion ,  an i n c r e a s e  in  weight of  sample reac ted  will not have a proport ional  
e f f e c t  on che over -a l l  rate of reac t ion .  
u n i t  sur face  area will decrezse. 
sur face  area varied with weight  of sample reacted.  

Therefore, the  r a t e  of r e a c t i o n  per 
i t  was found that the rate of reac t ion  per u n i t  

Table 1 gives t h e  rate constants* f o r  the decrease i n  carbon d icx ide  
pressure  with time per mit s u r f a c e  area versus the sample s i z e .  

* 
where only a small amount of  the t o t a l  gas i s  heated,  t h e  rate d a t a  obtained should 
be normalized to  a cons tan t  concent ra t ion  b a s i s ,  - For .tKs - invest igat ion;  i ? . 7 a ~ -  
Was taken as t h e  s tandard temperature. 
were mul t ip l ied  by t h e  r a t i o  of t h e  temperature of the  reaction to t h e  s tandard 
temperature i n  degrees absolu te .  

I n  a cons tan t  press.iire r e a c t i o n  system o r  a constant v o l m e  r e a c t i o n  system 

Therefore, the  experimental rate constants  
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TAELE 1 

EFPECT OF TOTAL SURFACE AREA OF GRAPHITE WlUR DUST ON TKE 
WZl% CONSTANT FOR THE DECREASE IN CARBON DIOXIDE PRgSSIlBB IN 

THE REACTION C + CO, + 2 CO 

Tempe ra'ature 
OC. 

400 

500 

-1 -2 6 Rate Constant .k ,  sec. m. x 10 

53 m., Surface Area 133 Surface Area 

1.21 

28.7 

~. 

1.12 

23 .6  

650 116.. 7 89.0 

From Table 1 i t  can be seen that as t h e  r e a c t i o n  temperature decreases  the rate 
constant  becomes less dependent on t h e  sample s i z e .  This i n d i c a t e s  t h a t  t h e r e  was 
some d i f f u s i o n  c o q t r o l  throughout most of t h e  temperature range inves t iga ted ,  wi th  
chemical c o n t r o l  --almost complete below ca, 450°C. 
the a c t i v a t i o n  energy approaches a v a l u e  of 38 kcak./mole. 

, 
A t  the  lower tsmperatures, 

F igure  5 shows t h e  per  c e n t  o f - t h e  carbon s u r f a c e  t h a t  was covered by 
complex a t  t h e  end  o f  a r e a c t i o n  versus  r e a c t i o n  temperature. 
the amount of  complex formed increases  to a maximum i n  the 600°C. region and then 
rap id ly  decreases .  
Figure 2. 
complex which has  been formed is q u i t e  stable u n t i l  t h e  carbon i s  heated t o  
temperatures g r e a t e r  than 600°C. The temperature a t  which the complex was formed 
was found t o  have l i t t l e  e f f e c t  upon i t s  s t a b i l i t y .  

It can be seen that 

The reason f o r  t h i s  t rend  i s  apparent  when one r e f e r s  to 
It is noted t h a t  i n  t h e  outgass ing  of  the  sample following a run, the  

The carbon monoxide sur face  complex could  be formed a s  a product of the  
carbon dioxide react ion.  

c + co, + co + C(0) 
or  i t  could b e  due t o  the  chemisorption of carbon monoxide on t h e  sur face  of the  
sample, 

co -9 (CO) . 
Here C(0) r e p r e s e n t s  a complex formed upon r e a c t i o n  of CO,, while (CO) r e p r e s e n t s  
chemisorbed carbon monoxide. By exposing the  carbun s u r f a c e  t o  carbon monoxide, 
the rate of chemisorption can be s tudied .  It was found that the  r a t e  of chemi- 
sorp t ion  increased  to a maximum around 600°C. Table '2 shows t h e  amount of 
carbon monoxide chemisorbed a t  600'C. f o r  var ious  pressures  and lengths  of time. 
The coverage of  0.125 p e r  cent  of the  sur face  in t h r e e  days i n d i c a t e s  chat  o n l y  
a small f r a c t i o n  of the to ta l  sur face  w i l l  chemisorb carbon monoxide. The 
r e l a t i v e l y  small d i f f e r e n c e  between the amount of sur face  coverage at a p r e s s u r e  
of 2 . 7  microns of carbon monoxide f o r  30 minutes and a 24 micron pressure  of  
carbon monoxide f o r  3 days i n d i c a t e s  t h a t  the m a j o r i t y  of this small area is  
rap id ly  s a t u r a t e d  w i t h  c h d s o r b e d  carbon monoxide. The chemisorbed carbon 
monoxide could  b e  recovered by hea t ing  t h e  carbon c0 temperatures g r e a t e r  than 
600'C. 
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30 min. 

3 days 

0.054 0.065 0.074 

- 0.125 

-Since the chemisorbed carbon mono;ride e x h i b i t s  the same c h a r a c t e r i s t i c s  
as the complex formed during the  carbon dioxide react ion,  i t  appears t h a t  the 
complex is  chemisorbed carbon monoxide. 
and does not  play a role i n  t h e  mechanism of the conversion of carbon dioxide t o  
carbon monoxide. 

This chemisorption i s  a s i d e  reac t ion  

It is r e c a l l e d  that, a s  a r e s u l t  of the gr inding process, t h e  carbon 
sample used i n  t h i s  i n v e s t i g a t i o n  contained ca.  5 per  cent  i ron.  A ground sample 
from which the i r o n  w a s  removed d i d  not  chemisorb any measurable amount of carbon 
monoxide. The i r o n  had a very s t r o n g  c a t a l y t i c  e f f e c t  on the  r e a c t i v i t y  of  the 
carbon. The "iron-free ' '  sample had to  be heated ca. 300°C. higher  than t h e  
"iron-containing' '  sample i n  o r d e r  t o  obta in  a comparable r e a c t i v i t y .  Although the 
experimental da ta  i n d i c a t e  t h a t  t h e  carbon dioxide i s  converted to carbon monoxide 
w i t h  no measurable build-up of  any intermediate  products, the  g r e a t  d i f fe rence  i n  
r e a c t i v i t y  between the o r i g i n a l  " i ron-containing" sample and t h e  " i ron-free"  sample 
i n d i c a t e s  t h a t  the  i r o n  must play an  important r o l e  in t h e  reac t ion  mechanism. 

A possible  mechanism by which t h e  i ron  could c a t a l y z e  the  r e a c t i o n  wrmld 
be, 

J CO, + x Fe 2 Fe 0 

F ~ o  + y ~  Z X F ~ + ~ C O  . (2) 

$. y CO (1) 
X Y  

X Y  

Both s t e p s  one and tvo i n  t h i s  mechanism a r e  r e v e r s i b l e  reac t ions .  The equi l ibr ium 
cons tan t  of s t e p  ohe is pressure  independent and iS!T!Yproximately one f o r  th'e range 
of  temperatures used i n  t h i s  i n v e s t i g a t i o n .  Step two is a pressure dependent 
r e a c t i o n ;  o p e r a t i o n a t  low pressures  o f  carbon monoxi& favors  the reduct ion of  the  
i ron .  I f  the  rate of t h e  forward r e a c t i o n  i n  s t e p  two i s  s u f f i c i e n t l y  f a s t  to 
prevent  a s i g n i f i c a n t  build-up of iron oxide, the rate of  the  back reac t ion  i n  s t e p  
one would be small. Under these condi t ions ,  only the  forward reac t ions  of s t e p  one 
and ttm w u l d  play an important  role i n  t h e  over -a l l  r e a c t i o n  scheme. 

/, ' 

1 
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BY F4CTOR OF 3 -TIME 

FIGURE 2 -TYPtW MASS SPECTROMETER RECORD 

N 

0 0  u u  
w *  N P  

, 

. .. 



1\ 

i! 
I 

3 

M , 
I '  
I 

-131- 

TIME. mmuies 

FIGURE 3 -TYPICAL REACTION CURMS 
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Not f o r  Publication 
Presented Before the Division of G a s  end Fuel Chemistry 

American Chemical Society 
Atlantic City, New Jersey, Meeting, September 13-18, 1959 

The Impurities i n  an Acid-Washed lo Coke-Oven Benzene. 
Concentration of  Impurities by progressive Freezing 

C. F. Click, A. J. Miskalis, and T. Kessler 
Applied Research Laboratory 

United S ta tes  Steel Corporation 
Monroeville, Pennsylvania 

A knowledge of the inpur i t ies  in an ac id  refined 1" coke-oven benzene 
w a s  required f o r  the log ica l  selection of  methods f o r  t h e  purif icat ion of this 
product. Surprisingly l i t t l e  def ini t ive information i s  available on the impuri- 
t i e s ,  other  than thiophene and carbon disulf ide,  i n  ref ined coke-oven benzene. 
Stinzenddrfer (14)* reported that  naphthenes of the  met-hylcycloheexace type pre- 
vai led i n  a residual  gasoline *action obtained i n  the pur i f ica t ion  of European 
coke-oven benzene. Anderson and Engelder ( 6 )  prepared a sample of saturated non- 
benzenoid hydrocarbons from nitration-grade coke-oven benzene by fractionaL crys- 
t a l l i z a t i o n  and f rac t iona l  adsorption. From the condensation temperatures and re- 
f rac t ive  indexes of the fract ions obtained by e f f i c i e n t  d i s t i l l a t i o n  of this sample, 
they infer red  the presence of  cyclohexane; methylcyclohexane; 3-metiylhexane and/or 
3-ethylpentane; n-heptane and/or 2,2, b t r imethyl  pentane; 1 , l -d imet iy lcyc lopntane ;  
and trans-l,2-dimethylcyclopentane and/or trans-1,3-dimethylcyclop=atane. A small 
concentration of toluene w a s  detected, and appreciable concentrations o f  unsatu- 
ra ted impurities were &so indicated. They estimated t h a t  t h e  or iginal  n i t ra t ion-  
grade benzene contained 0.6 volume per  cent saturated aonbenzenoid hydrocarbons, 
0.004 volume per cenr, toluene, and 0.1 volume per cent unident i f ied components. 

Anderson, Jones, and Engelder ( 7 )  examined the recycle material f r o m  the 
ca ta ly t ic  e thylat ion of ref ined coke-oven benzene by the same methods. Any or  all 
of the following paraff ins  and naphthenes were possible: 2,2-dimethylbutane; 2, 3- 
dimethylbutane ; 2-me thylpent me; 3 -me thylpentane; n -hexane ; 2,2-diae thylpentanp ; 

,2,4-dimethylpentane; 2,2,3-trimethylbutane , 3,3-dimethylpentane; 2,3-&methylpentane; 
2-methylhexane; 3-methylhexme; 3sthylpentane; n-heptane; 2,2,4-trimethylpentane; 
cyclopentane; methylcyclopentane; cyclohexane; 1,l-dimetnylcyclopentae; t rans  -1,3- 
dimethylcyclopentane; trans-1,2-dimethylcyclopentane; cis-l,2-dimethylcyclopenta; 
cis-l,3-dimethylcyclopentane; and methylcyclohexane. Bowever, the authors obse-rved 
t h a t  some lower-boiling paraff ins  (2-methjrlpentane, 3-methylpentane, and n-hexane ) 
appeared t o  have been introduced during the ethylat ion process; while most of the  
naphthenes (except cyclohexane) i n  the or ig ina l  benzene ap-Eared t o  have been 
largely removed. In addition t o  this serious objection, t h e  iriaerent l imitat ions 
of  the methods employed i n  both studies by  Anderson and his associates make it 
v i r tua l ly  ia-possible, without prohibitive e f for t ,  t o  prove conclusively tht any 
par t icu lar  compound i s  present and t o  measure i t s  concentration accurately. 

K i m u r a  and Yasui  (U)  ident i f ied  methylcyclohexane and 2,2,4-tri.methyl- 
pentane i n  the  residue f'rom the commercial chlor inat ion o f  benzene. 

In the  present work, the conponents of v i r t u a l l y  the en t i re  impurity con- 
t e n t  of  a conventionally acid-washed 1' coke-oven benzene have been ident i f ied  
positively, and t h e i r  concentrations have been rceasured. 

* See References 

\ 
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Apparatus 

A Ferkin-Elmer Model 154-B Ractometer, equipped with a precision tem- 
perature controller,  w a s  used f o r  the gas-liquid chromatographic separations. 
Samples were introduced by wans of Perkin-Elmer c a b r a t e d  capillary pipets. 
following columns were used: 

The 

(1) Two 2-meter by 0.25-inch-diameter stainless-steel-tuoing 
columns of Perkin-Elmer Corporation "A" material (didecyl- 
phthalate on C e l i t e  545, proportions unknown). 

A 25-foot by 0.375-inch-diameter copper-zubing c&mn of 
polypropylene glycol 2025 (Union Carbide Chemicals Company) 
on 30-60 mes$ Fisher Coluim Packing i n  the proportiom 
3 : 6 9 .  

(2)  - 

(3)  A 40-foot by 0.375-inch-diameter copper-tubing columr of 
a m i x t u r e  of  0- and p-benzylbiphenyls OIL 30-60 mesk 
Burrell  Ine r t  Carrier i n  the proportions 24:76. 

The mass spectrometric analyses were performed with a Consolidated Model 
U-lOX mass spectrometer. 

Reagents 

A l l  of the pure compounds f o r  ca l ibra t ion  of the gas chromatograph and 
the mass spectrometer were e i the r  standard samples from the American Petroleum 
I n s t i t u t e  o r  research grade materials from the Phi l l ips  Btzoleum Company. 

The benzylbiphenyl w a s  prepared by the procedu--e o f  Goldschmiedt (10).  
The par t icu lar  sample of benzylbiphenyl that w a s  used as  the stationary phase in 
gas-li%uid chromatography was a mixture of predominantly the 0- with the g-isoner, 
with a c r y s t d l i z i n g  point of approximately 65". 

Procedure 

The benzene selected f o r  t h i s  study of impurities was a t m i c a l ,  refined, 
1" coke-oven benzene, from the high-temperature carbonization of bituminous c o d  
i n  modern by-product ovens. This benzene was produced by washing crude benzene- 
toluene-wlene mixture from coal-tar l i g h t  o i l  with 66" %me s u l f w i c  acid i n  the 
conventional manner, neutralizing, and d i s t i l l i ng .  The benzene 3ad a t o + d  a s -  
t i l l a t i o n  range ( 2 )  of 79.8 - 80.4 C. I t s  freezing point ( 3 )  was 5.07" C,  and i t s  
pur i ty  ( 4 )  w a s  99.30 mole per cent. 
combustion procedure, w a s  177 ppm. I t s  thiophene content, determined by the i s a t i n  
method, was  444 ppm. 
acetate method w a s  0.36 ppm. I t s  bromine index by the proposed ASM potenTiometric 
t i t r a t i o n  aethod was 1.8, which corresponds t o  0.00088 mole per cent olefin,  i f  
it i s  assumed tha t ,  a t  worst, all the bromine reacted on an equixolar basis with 
olefins,  and that none reacted with the thiophene. 
so low that this benzene can be considered t o  be  vlrt-y olefin-free.  

I ts  t o t a l  sulfur content, determined by a 

I t s  carbon d isu l f ide  content by the die-i,hylaine-cuprlc 

'Ipnis m a x i m a m  o le f in  content i s  

P ~ l i m i n a r y  gas-liquid chromatographic examination of the refined 1" 
benzene showed that the concentrations of some of the  impuzities were so smaJJ. t h a t  
they must be enhancad t o  permit c s r t a i n  identification. 
first introduced the method of' progressive o r  s low fractional. I-ezing f o r  the 
pur i f ica t ion  o f  materials, l i k e  benzoic acid, that freeze above room t e m p e r a t m e .  
Dickinson and Eaborn (9 )  adapted the method t o  the pur i f ica t ion  o f  materials, Like 
benzene, that freeze below room temperature. 

Schwab and Wickers (13) 

The principle of e i the r  version of 
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t h e  method i s  the  slow advancemnt of the solid-liquid in+&rface in to  the l i qu id  
phase. T h i s  advancement m u s t  be so slow that tlle-re i s  ample oppolctunity fo r  im-  
pu r i t i e s  t o  be re jec ted  by the freezing so l id  in to  the remining  l iquid.  
m o s t  of the semple has frozen, the remainlng impure l i qu id  ces  be removed mechani- 
cally, and the pur i f ica t ion  has been effected. 
apparatus and very l i t t l e  ef for t .  
t ha t  needed fo r  a c a r e m  
handled. 
ple is  asserted t o  be superior to zone melting involviCg a single zone. 

When 

This process requlres very simple 
The time r e q u i x d  compares very favorably with 

f rac t iona l  d i s t i l l a t i on ,  and quite sma-U samples can be 
The efficiency of the pur i f ica t ion  i s  impressively high, and the princi-  

If thls process can be used t o  purif'y a material, then, by the same token, 
i t  can be used t o  concentrate the impurities from that material. To test thls 
argument, par t  of Dickinson and,Eaborn's work was repeated as follows: Approxi- 
mately 20 m l  of thiophene-free ACS-specification benzene was placed i n  a glass- 
stoppered t e s t  tube,  14  millimet2rs i n  in te rna l  diameter, 140 mm i n  length below 
the tubulure, and approximately 22 m l  i n  volume. This tube, suitably counter- 
weighted, w a s  lowered by a miniature windlass (driven by an e l e c t r i c  clock motor, 
1 revolution per hour) at a r a t e  of 3 cm per hour in to  an ice-water bath maintained 
at constant level.  
touched b r i e f ly  with a small piece of dry i ce  to  start  c rys ta l l iza t ion  and avoid 
supercooling. Approximately 90 per cent of the s q l e  was frozen arter 3 hours. 
The l iqu id  10 per cent was withdrawn with a hypodermic syringe, the so l id  was melted, 
and the process was repeated mtil  s i x  freezings had been p e r f o m d .  
material, the six l i q u i d  portions withdrawn, and the f i n a l  pwifLed material were 
all subjected t o  gas-liquid ck-omatographic anaLysis on the Perk in -Ebr  "A" column 
a t  80.5" C. 
displayed s i x  impurity peaks, which were 1.13, 1.50, 4.26, 4.50, 2.17, and 6.04 
times as large as the correapocding peaks i n  tbe chromatogram of the or2glnal ben- 
zene. For each l i qu id  portion withdrawn after each successive freezing, the Fm- . 
purity peaks became smaller. T h e  pur i f ied  m a t e r i d  l e f t  after the sixth m e z i n g  
was pure benzene by this test; there were no impurity p%.ks whatever i n  i t s  chroma- 
togram. Dickinson and Eaborz's preparation of pure benzme was therefore confirmed, 
and the application of their tec-hnique t o  the preparation of concentrated impurities 
i s  valid. Some time a f t e r  t h i s  work w a s  done, Matthews and Coggeshall (12) a l s o  
demonstrated the application of progressive freezing t o  the concent?ation of  h- 
pur i t i e s  from organic compounds. 

A t  the beginning of the experiment, the  t i p  of the tube was 

T b  s t a r t i ng  

The chronatogram of the l i qu id  withdrawn a f t e r  the f i r s t  freezing 

One obvious ex'xnsion of the progressive-f?=eezing technique i s  i t s  
application i n  cascade.. For t M s  p rpose ,  a large glass-stoppered test tube (27 
mm in internal. diameter, 380 m i n  length below the tubulure, approximately 230 m l  
in  v-olume) was substitu-%d f o r  t b i  smdller txst tube. 
weighted, could be lowered in to  an  ice-water bath, maintained a t  constant level,  
by the same windlass arrangement a t  5 centimeters per hour. Approximately 90 per 
Cent of a 200-ml sample of the refined 1" coke-oven benzene was progressively 
frozen i n  t h i s  appL-atus i n  8 kours. The remaining 20 d of l iqu id  ( "10 per cent 
Off, first pass, f i r s t  freezing") was withdram by, syringe and subjected t o  another 
progressive -3eezing in the smzller test  tube. @in  90 per cent was frozen and 
the remeining 2 m l  of l i qu id  ("10 per cent off,  f i r s t  pass, second freezing" o r  
"concentrated Impurit ies") vas Mthdrawn. 
10 per cent portions wltndrawn i n  the f i r s t  and second freezings were chromatographed 
on the  polypropylene glycol 2025 column a t  Ulo C. 
Figure 1, show the increases i n  concentrations of impurities that are achieved by 
cascade operation, 
v e r t i c d l y  from each other t o  a s l igh t  extent f o r  t h e  sake of c laz i ty .  
c i rc led  nuhers  designate the vzrious peaks. The attenuat2on facfors are marked 
neap the  peaks. In Table I, t i e  heights of the eas i ly  measurable impurity paks 
i n  these three chromatograms are tabulated. 
threefold increase i n  most of the peaks; the se-ond m e z i n g  p-rodwed a nearly 

T h i s  tube, suitably counter- 

% or ig ina l  refined 1" benzene and the 

The r e s d t i q  chromatograms, 

In this figx?.?., the three chromatogram have been displaced 
The en- 

The f i r s t  -Freezing produced a two- to 

. .  
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twofold increase over  the Mrs t .  
m a t e l y  a fivefold increase i n  most of the  peaks. The cascade nethod ;ns therefore 
adopted fo r  the production of "concentrated impurities" from the refined 1" benzene. 

Cascade operation therefore p-mduced approxl- 

In  view of the extremely s m a l l  concentrations of sow of the impurities 
i n  the refined 1" benzene, ali the quali tative analyses vere performed on t h e  con- 
centrated impurities. The benzylbiphenyl column, originally described by & s t y  
and Whyman (8), was used fo r  all the gas-liquid chromatopaphie separations, be- 
cause of i t s  s u p r i o r  resolving power f o r  aromatics +nd -paraffins. ' k i s  colunn 
w a s  operated a t  12.L" C, and 500 P (nominal) of szmple w a s  introduced. 
chromatogram i s  shown in Figure  2. The very l a rge  sample vol?une was used t o  supply 
detectable amounts of t he  ininor impurities, such as those i n  pe&s 1 and 6. 
obtain additional information t o  supplement the chromatogr;rephLc data, so that 
qual i ta t ive  ident i f ica t ions  could be made - d t h  certaintg,  each ~ a k  i n  the cbma-  
topam was collected i n  a t r ap  cooled i n  l i qu id  nitrogen. The con-cnts of eech 
t r ap  were then analyzed by mass spectrometry. In each case, the mass spectrum of 
the concents of the t r ap  w a s  first corrected for the veFj s m a l l  contribution o f  
the "column blank"--the very s m a l l  amount of the stationary phase and/or i t s  d e -  
composition products t h a t  is vaporized constantljr from the chromatograpkdc columr 
and i s  caught i n  the t r ap  when it i s  cooled. The hydrocxbon-type analysis de- 
velolsed or ig ina l ly  by Brown ( 5 )  was next applied t o  each mass spectrum t o  f a c i l i t a t e  
i t s  i r te rpre ta t ion .  When the r e l a t ive  retention volume for a ckromatogaphic y a k  
was used t o  narrow the choice o f  possible components con t r ibu thg  t o  that  -peak, 
it was then usuaLl.y ra ther  simple t o  confirm or r e j e c t  each of the possible com- 
ponents f r o m  the mass spectrum. The re la t ive  retention volumes of a s10a.U number 
of pure hydrocarbons were dete-rmined under $e conditions prevailing i n  the quali-. 
t a t i ve  analysis, that  is, on the benzylbiphenyl column a t  121" C, "flooded" with 
500 pl of  benzene. From these data and the published values for  a l u g e  number of 
compounds a t  78.5" c (8), the r e l a t ive  retention volmes at la" C f o r  these com- 
pounds could be e s t i m t e d  with su f f i c i en t  accuracy f o r  the preliminary quali tative 
analyses. Once the presence of a compound had been established by The preliaiaary 
chromatographic and mass-spectrometric data, i t s  presence w a s  I U t h e r  confi-me0 by 
d i r ec t  experimental measurement of  i t s  r e l a t ive  retention.volune on the  benzyl- 
biphenyl colu?nn at 121" C, "flooded" - d t h  500 pl of benzene. Similarly, published 
mass spectra (1) were used f o r  the  p r e l h i n a r y  interpretations,  but once t k  pres- 
ence of a compound had been thus established, i t s  mass spec t rm vas dete,rmined by 
d i r ec t  experimental measurenent with the Model Z L - l o p  spectrorce+er. quali- 
t a t i v e  compositions of the substances producing the  peaks i n  the chronatogzm in  
F i m  2 are shown in Table 11. As m o r e  than one compoud con+zibuted t o  each 
impurity ~ a k  and as progressive freeziilg affected the concentpations of the com- 
pomds contributing t o  a n y  peak t o  d i f fe ren t  unknown extents, it vas obviously 
necessary t o  perfom the quantitative analysis d i rec t ly  on the o r ig ina l  lo benzene, 

il t f l i c a i  

To 

The quantitative analjrses we-re gerforned by co l lec t i% qumti 'at ively ia 
a cold t r ap  the substance producing each peak in the gas chromatogram of a knom 
amount of the  original 1' benzene (similar t o  Figure 2, but with smaller %IO- 

pur i t i e s  peaks). The time in t e rva l s  marked abo-re the chromatogram i n  Figure 2 
are  ident ica l  w i t h  those used i n  the trappings f o r  the quaati tative aaalyses. 
The en t i r e  contents of the t r ap  were then admitted to  the mass spectrometer and 
analyzed quantitatively. Since the concentrations o f  the several  impurities 
varied-over a very wlde range, not all of the peaks could be trapped f'rom a s lag le  
sample of the 1" coke-oven benzene. 
shown i n  Table 11. For a ve-ry minor inpurity, 500 
prac t i ca l  maximum accommodated by the chromatographic column, srould provide too 
snail an amount o f  impurity f o r  spectrometric m y s i s .  
f i c i en t  number o f  500-pl (nominal) portions of  the 1" benzene was chmmetographed 

succession t o  supply the necessary amount o f  impurtty f o r  the s p e c t r o ~ t z z c  
q s i s .  

Tliz amount of semple used in  each case i s  
(nomind),  which i s  the 

t h a t  case, a suf- 

When t b e  desired chmmatogmphic peak appeared i n  each chromatogram, 

I' 

1 

I 

/ 
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the same collecting t rap  was applied t o  the vent l i n e  o f  the  chromatograph until 
the necessary t o t a l  amount of that impurity had been collected. 

Because this whole procedure can be no more accurate and precise t h a n  
the quantitative operation of the cold t r a p s ,  these w e r e  studied carefully. The 

dianeter and 18 inches in length, provided with vacuum stopcocks near each end 
and a standard taper j o in t  a t  one end (8) .  
fo ld  arrangement connected t o  the vent l i n e  of  the chromatograph. 
o f  absorption of  minor components by stopcock grease and occasional plugging o f  
the capi l la ry  by frozen condensate l ed  t o  the adoption o f  a simpler system, which 
w a s  used for all the f i n d l  quantitative analyses. 
against the end of the vent IJne of the chromatograph. 
i n  place with Tygon tubing. 
design, l 7 j  m long, with the inner tube 6 mm i n  external d i e t e r  and the outer 
t u b e  16 mm i n  external diameter. The inner tube ended 1.5 mm above the bottom of 
the outer tube. One of  these t raps  w a s  connected t o  each arm of the Y-tube w i t h  
a section o f  Tygon tubing ju s t  long enough t o  permit the  application of a hosecock 
clamp. 
length of  Tygon tubing and clamp t o  the exit tube of  each t r ap  to  minimize back- 
diffusion of moisture and carbon dioxide in to  the t r a p  when it w a s  chilled. 
t r ap  w a s  purged a t  room temperature with helium before use. 
stopcocks i n  the system, grease w a s  eliminated. By connecting the traps t o  the 
Y-tube and manipulating the clamps a t  the proper times, any peak could b e  co l lec ted  
i n  a trap. Although this arrangemnt w a s  not quite as f a s t  or convenient as the 
manifold with stopcocks, it did eliminate the poss ib i l i t y  o f  p a r t i a l  loss of 
components by absorption in stopcock grease. 
about one-half t o  two-thirds of their length during use. As soon as the trapping 
was. completed, the l i qu id  nitrogen l eve l  was ra i sed  so that the en t i r e  length was 
immersed. By this procedure, l o s s  of  trapped material  by waxming of candensate 
i n  the upper pa r t  of the trap should be eliminated. The t r ap  w a s  butted to  the 
mass-spectrometer i n l e t  system with "ygon tubing, and i t s  en t i r e  contents-were 
analyzed quantitatively i n  the usual way. 

' f i r s t  t raps  used w e r e  slmple U-shaped lengths of cap i l la ry  tubing 2 mm in  inte-znal 

Six such t r a p s  were used with a toad- 
The poss ib i l i t y  

A sho-rt glass Y-tube was butted 
The bu t t  j o in t  was held 

The t raps  were of the conventional concentric tube 

A drying tube f i l l e d  with Ascarite w a s  connected with a similar short 

Each 
A s  there were no 

The t raps  w e r e  Imersed t o  o n l y  

The performance of this en t i r e  procedure was t e s t ed  by introducing known 
amounts of pure compounds o r  known mixtures in to  the gas chromatomaph, collecting 
the components in the ch i l led  t raps  connected t o  the  chromatograph vent line, and 
measuring the  amounts collected by mass spectrometry. 
f i r s t .  In seven tests, the recovery achieved was 80, 94, I l k ,  106, 109, 108, and 
101 per cent of  the amount introduced. A mixture comprising 62.7 volme per cent 
n-heptane and 37.3 volume p e r  cent cyclohexane (mass spectrometric analysis)  was 
t es ted  next. 
and 108 per cent of the heptane and 101 and 101 per cent of the cyclohexane intm- 
duced were recovered. 
procedure m i a t  be estimated a t  100 2 10  per cent, although, for reasons unknown, 
recoveries outside these l imits ,  par t icu lar ly  on the low side, may be observed 
occasionally. 

Pure n-heptane was used 

Each component was trapped individually.. In duplicate tes ts ,  lo8 

h-om these data, the  apparent recovery achieved with the 

Posit ive e r ro r s  (recoveries .higher than 100 per cent )  may be caused by 
1) excess =quid sample clinging t o  the outer surfaces o f  the  capi l la ry  p ipe t t e  
with which samples are introduced into the  gas-liquid chromatograph, and/or 2)  
e r ro r  in the  cs l ibra t ibn  of the very snmll capillazy p ipe t t e  (0. j p) v i th  w h i c h  
pure l i qu ids  are introduced in to  the mass spec t romter  for calibration. 
f i r s t  e r ro r  i s  variable; the second is constant. The fFrst e r r o r  was minimized 
by touching only the very t i p  of the p ipe t te  t o  the surface of the liquid semple, 
removlng the 'p ipe t t e  from contact with the l iqu id ,  and waiting perhaps 15 seconds 
before introducing the sample i n t o  the chromatograph. By t h i s  procedure, the 
excess l i q u i d  i s  minimized at the outset, and the very snail excess that cannot 
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be avoided has tirce to  evaporate. The second e r ro r  i s  c a w d  by the d i f f i c u l t i e s  
during ca l ibra t ion  of fUing  with aercury tine very t i ny  volume of the mass spec- 
trometer p ipe t te  and emptying it completely. 
in  all the M p u i a t i o n s  and rep l ica t ing  the calibration with good repeatabil i ty,  
the authors know o f  no obvious improvement. 

Beyond exercising the utmost care 

Negative e r rors  (recoveries lower thaa 100 per cent )  may be  caused by 
1) failure t o  introduce the  en t i r e  sample i n t o  the  chromtogaph, 2) less than 
quantitative trapping, and 3 )  losses i n  introducing the L-apped sample in to  the 
mass spectrometer. Gross e r ro r s  o f  the f i r s t  kind can be detected inmediately by 
variations in the peak b i g h t s  in the chromatogran, and the t e s t  can b e  rejec-wd. 
The second e r r o r  is  d i f f i cu l t  t o  i s o l a t e  and study. Packing the t rap  o r  inc--easing 
the contact of the vapor with the t r a p  w a l l s  in other ways might inmase the  
efficiency of trapping, but might a l s o  make it more difficult to  vaporize a l l  the  
condensate into the mass spectrometer o r  t o  clean the  t rap  fo r  reuse. %s t h i r d  
e r ro r  vas ninimized by eliminating stopcock grease from 'he spectromter inlet system 
by but t ing  the t r ap  t o  it Kith Tygon tubing. 

Two special. modifications of the standard concentric cy l indr ica l  t raps  
were made. 
large peak No. 8, was trapped, s izable  anounts of the materfal of  peak No. 8 w e r e  
collected and plugged the ordinary t r a p .  
avoid this d i f f i c u l t y ,  with the  e x t e a  tube 24 mm in outside diameter and 115 mm 
long, and the in te rna l  tube 1 5  m in  outside diameter and 100 '9111 long. This +zap 
w a s  amply la rge  t o  accommodate all the materia collected,  
collected, t h i s  t r ap  was still l a rge  enough, but in this case it was desirable t o  
introduce the collected m a t e r i a l  i n t o  the mass spectrometer as a l iquid.  For . this  
reason, a small. t i p ,  8 m i n  diameter and 35 m long, was blom i n t o  the bottom of 
one of the special. traps. 
in  t h i s  'mp, the frozen condensate was melted into the s m d l l  t ip ,  which was then 
broken off t o  make the Liquid available. 

When peak No. 9 (Figure 2), t h e  s%i&!. peak on the l o n g  tail o f  the very 

A special  t r ap  was therefore made t o  

When peak >IO. 8 was 

After the  material from peak No. 8 had been collected 

A l l  the quantitative analyses were performed in  duplicate a t  least. In 
v i e w  o f  the f a c t  that those e r rors  (described above) t h a t  are most d i f f i c u l t  to  
control all tend t o  cause l e s s  than quantitative recoverles, rep l ica te  ana lyses  
t h a t  gave low resu l t s  were regarded with suspicion and repeated. 

Results and Discussion 

The qualitative and quantitative analyses of the mFxtures producing each 
of the  t en  peaks i n  the chromatogram of the 1" coke-oven benzene on the &-foot 
benzylbiphenyl column a t  121" C are tabulated i n  Table 11. In e v e r j  case, the 
residudL mass spectrum remainin@; after the contributions of  these comp-ts had 
been calculated was examined. For peaks No. 1, 2, 3 ,  4, 5 ,  8 ,  9 and 10, these 
res idua ls  were witbin the e q e c t e d  mass spectrometric error,  that is, no residual 
peak was laxger than 3 per cent of the l a r g e s t  peak in the mass spectrum and vas 
usually appreciably less. 
additional components (beyond those l i s t e d  in Table 11) would be iden t i f i ed  a t  
concentrations e x c e e w  approximately 0.005 mole per cent ( i n  each mixture) i n  
any more exhaustive investigation. 
was 4.3 per cent of  the height of the l a rges t  peak in the spectrum. Moreover, 
resiaual peaks occurred a t  masses 43, 57, 69, 71, 85 and 97, w h i c h  were 3 t o  4 
Per Cent of the height o f  the l a r g e s t  peak. 
i den t i f i ed  alkanes and/or  naphthenes, present at a t o t a l  concentration o f  less 
than a p p a m a t e l y  0.03 mole per cent, account for these ,peaks. 

tally. 

For these mixtures, it is highly probable tha t  no 

For peak No. 7, the l a rges t  residual mass peak 

It is highly probable that so= un- 

4 per cent of the  total 0.70 mole per cent impurity determined cryoscopi- 
This is  approld- 
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The type analysis calculated from the mass spectrum of peak No. 6 showed 
86 p e r  cent naphthenes and 1 3  per cent allranes, with an average czrbon number of 
8. W o m  the mass spectrum, the naphthene i s  very probably a trimethylcyclopentulee. 
The spec i f ic  isomer could not be identified,  however, because only s i x  of the 
possible eight geometric isolners of trirethylcyclopentane (excluding ste*oisomers) 
have been prepared i n  the pure s t a t e  and t h e i r  mass spectra published. 
t i v e  retention volume of peak No. 6 also confirms the hy-pothesis t ha t  the naphthene 
i s  a trFmethylcyclopentane. The impossibil i ty of identifying the aaphthene speci- 
f i ca l ly  a lso makes it impossible t o  ident i fy  the accompanying alkane specifically.  
From the  mess spectrum and the  r e l a t ive  retention volume, t he  alkane is very 
probably a rpc tane .  The estimates of the concentrations of the naphthene and the 
W e  were made from average published values f o r  the mass spectrometric sensi- 
t i v i t i e s  f o r  trimeth~lcyclopentanes and octanes, respectively. These- are only 
estimates, but peak No. 6 in any case accounts f o r  o d y  about 1.5 per cent o f  the 
t o t a l  impurities. 

The rela- 

Appreciable concentrations of impurities might be obscured by the very 
extensive benzene peak (similar t o  peak NO. 8, Figure 2). 
this peak was therefore collected and -zed as  prerLously described. 
material  was benzene of even higher purity than the benzene of 99.93 mole per cent 
>ur i ty  tha t  w a s  used f o r  calibration. 
t r a t ion  of Fmpwities being obscured by the benzene peak i s  therefore s l ight .  

T h e  chromatograms of “concentrated imp&Lties” on the polypropylene 

The material producing 
This 

The probabili ty o f  any appreciable concen- 

giycol 2025 (Figure 1) and the benzylbiphenyl (Fim 2) columns exhi3ited t b e  
and one peaks, respectively, arriving before peak No. 1. As the  t o t a l  copcen- 
t ra t ions  of the component(s) producing these peaks are very probably appEciably 
less than one part  per  million, no a t + q t  was made t o  co l l ec t  and i h n t i f y  t h e m -  

It can be seen from Table I1 that most of the 2-methylhe- was -Pound 
i n  peak No. 2, but that a s m a l l  amount w a s  a l so  found in peak No. 3. TILLS i s  a 
d i rec t  consequence of the f ac t  tht the 2-methyUexanq~had not been completely 
eluted with the other components o f  the f i r s t  peak, before the components of the 
second p e d  of the  p a i r  began t o  e lu te .  
found i n  peak No. 4, b u t - a  smal l  amount w a s  found i n  pealr No. 5. However, 
as l o n g  as both peaks of each pa i r  are trapped from the  sarne sample htroduction, 
no error i s  caused by this p a r t i a l  f a i lu re  t o  resolve the components. This pro- 
cedure was followed in  each of these cases. 

Similarly, most of the  n-heptane w a s  

I n  Table 111, zherefore, the qua l i ta t ive  and quantitative analyses of 
the  impurities have been tabulated on a cumulative basis,  without regard to  the 
d is t r ibu t ion  of a component between two peaks. 
as volume, weight, and mole per cent, all based on the whole benzene samyle. A 
t o t a l  of 20 impurities was ident i f ied  -- 8 alkanes, 8 naphthenes, 1 aromatic, and 
1 heterocyclic compound wiLh certainty; and 1 alkane and 1 naphthene k i t h  good 
probability. Neither o le f ins  nor carbon d isu l f ide  were detected, as was e-upected 
LfrOm their very low concentrations. The 501 pp?n thiopbene determined here agrees 
fairly well w i t h  the 444 ppm found by the isatin nsthod. 
of the impurit ies unaccounted fo r  agrees w e l l  with the approximately 4 per cent 
unaccounted f o r  in  -peak No. 7.  

The concentrations are e q r e s s e d  

The average 4.4 per cent  

For all the spec i f ica l ly  ident i f ied  components present in concentrations 
exceeding 0.007 mole per cent (1 per cent of the t o t d l  impurity), the average re- 
pea tab i l i ty  of the  determinations was 2 3.9 per cent; the  worst repea tab i l i ty  w a s  
- + 9.9 per cent. 
centrations less than 0.007 mole per cent, the average r e p a t a b u t y  wits 2 8.3 
per cent; the  worst repea tab i l i ty  was + 24.2 _Der cent. 
calculated from the t o t a l  impurities fzund, was 2 2.7 per cent. 

For du t he  spec i f ica l ly  iden t i f i ed  components pre=t in con- 

5ver-all repeatabil i ty,  
The accuracies 
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of individual analyses c m t  be estimated; in fact,  the only indication of ac- 
curacy i s  the t o t a l  average  cover^, 95.6 per cznt 0-P the t o t a l  -wiW measured 
by the crjoscopic zethod, which is  usua l l~  highly accurate f o r  a sample of t h i s  
kind. 

Tbe occurrence in coke-oven benzene of 2,2-dim=thylpentane; 2,k-dimethyl- 
pentane; 2-1~ethylhexane; 3,3-dimetiiylpentane; 2 ,343 .ue twlpenta~;  3-methylhe-; 
3ethylpentane; l,trans-2 dimethylcyclopentdzle; l , t r ans - j  d i n e t h y l c y c l o p ;  
and l , c i s - 2  dimetbylcyclopenke, which had been ident i f ied  ten ta t ive ly  by Anbrson 
and his  associates (6 ,  7), has now been established definitely. l,+aans-2, c i s 4  
trimethylcyclopzatane has been ident i f ied  in coke-oven benzene for the f i r s t  tine. 
(The occurrence of another trimethylcyclopentane is highly probable.) U v e n  new 
products o f  the high-temperature carbonization o f  bituminous c o d  have t h e r e f o r e  
been established with certainty.  
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Table I 

Enhancement of Concentrations of Impurities in 1" Coke-Oven Benzene 
by Cascade Application of Progressive Freezing 

Original 
1" Benzene 

0.2 

9.6 

13.4 

47.4 

20.2 

-- 
2 

-- 
0.4 

"10% Off, First pass, 
First Freezing" 

0-7 

25.7 

35.4 

124 

53 

-- 
8 

4.3 

1.0 

Chromatogram Feak H e i g h t ,  a rb i t ra ry  units 
"10% O f f ,  F i r s t  Pass, 

Second. Freezing" 
"Concentrated Impurities" 

1.7 

53.6 

74.2 

251 

99 

3.7 

19 

6.0 

2.8 



Table I1 

Qualitative a d  Qusntitative Analyses of the Individual. Peaks i n  the 
Gas-Liquid CLroma+agran of  1” Coke-Oven Benzene 

Totel  V o l m  
Peak No. of sanrple, 
(Figure 2 )  p l  

1 1514.4 

2 1009.6 

3 1 0 ~ 9 . 6  

4 169.4 

5 169.4 

6 1514.4 

7 169.4 

8 169.4 

9 169.4 

10 1009.6 

2,2-dimethylpentane 
2,4-dimethylpentane 

2-me thylhexane 
3,3-&e thylpentane 
me thylc  yclopentane 

2-nethylhe xane 
methylcyclopentane 
2 ,3-d i~e  thylpentane 
3-me thylhexane 

0.000130 0 . 0 0 0 ~ 6  0.000123 

0.0231 0.0221 0.0226 
o.000870 0.~00827 0.000849 
o.oo5g7 0.00599 0.00598 

0.000308 0.000425 0.000367 
0.000671 0.000648 0.000659 

0.0251 0.0232 0.0242 

0.000747 0.000454 0.000601 

0.0156 0.0134 0.0145 

n-heptane 0.0880 0.0844 0.0862 
1,l -dime thylcyclopentane 0.00697 0.00682 0.00690 
j-ethylpentane 0.00523 0.00406 0.00465 

n-heptane 0.00490 0.00529 0.00510 
cyclohexane 0.0644 0.0613 0.0629 
1, trans -2 d i m e  thylcyclopentane 0.0550 0.0447 0.0499 
1,trans-3 dimetnylcydopentane 0.0448 0.0487 0.0468 

a trimthylcyclopentane ( ? )  - 0.00690 - o.oog5o - 0.0~820 
an octane ( ? )  ” 0.0010 -0.0010 -0.0010 

me thylcyclohexane 0.229 - 0.U4 0.222 
1, cis-2 diinethylcyclopentane 0.0196 o.oi8i 0.0189 
l1trans-2,cis-4 t ruethylcyclopentane 0.00744 0,00677 0.00711 

benzene Pure benzene 

benzene 
thiophene 

0 - 47-77 
0.0466 0.0465 0.0466 

benzene 0.0862 0.0959 O.O9ll 
toluene 0.0330 0.0338 0.0334 
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. .. Table I11 

Qualitative and Quantitative Analyses of the Impurities i n  
lo Coke-Oven Benzene 

B o i l i n g  Point Analysis, Basedon Benzene sample 
Peak No. of Pure ' Mole Fer Cent . Average 

lFlgure 2 1  Component, "C Component T r i a l 1  T r i a l  2 Mole 5 VOl $3 w t  $ -- - -  
79-205 2,2-dimtQlpentane 0.000130 0 . 0 0 0 ~ 6  0.00012 0.00021 0.00016 
80.51 2, 4-dimethylpentane 0.000747 0.000454 0,00060 0.0010 0 , O O O n  

90-05 2-methylhexane 0.0234 0.0225 0.0230 0.0381 0.0295 ., 
86.071 3,3-dimet&lpentane a.000870 0.0008p 0.00085 0.0014 o.0oll. 

89 - 79 2,3-dimethylpentane 0.0156 0.0134 0.0145 0.0235 0.0186 
91-95 3-methylhexane . 0.0251 0.0232 0.024 0.039 0.031 - 

1 

2 & 3  71.812 methylcyclopentane< 0.00664 0.00648 0.00656. 0.0083 0.0071 .- 

98.428 
87.8k 

93.468 - 
4 & 5  80.738 

91.87 

90 - 77 

n-heptane - - -  0.0929.- 0.0897 0-0913 
l,l-dimethylcyclo-- 0.00697 0.00682 0.0069 

3 s t h y l p n t ~ &  - -  0.00523 0.06406 0.0047 
cyclohexane 0.0644 - 0.0613 0.063 
1,trans-2 dimethyl 

1,trans-3 dinethyl  

pentane 

cyclopentane 0.0550 0.0447 0.050 

c yc lopentane 0.0448 0.0487 0.047 

6 . - a trlraethylcyclo- -0.0069 -0.0095 c0.0082 
pentane ( ? )  

. an octane ( ? )  c 0.0010 -0.0010 -0.0010 

100.934 met-hylcyclohexane 0.229 0.U4 0.222 

7 cyclo-pentane 0.0196 0.0181 0.019 
99.53 l ,c is-2 dimethyl 

109.2% l,trans-2,cis-b tri- 
methylryc1openta;le 0.00744 0.00677 0.0071 

9 84.1 thiophene 0.0466 0.0465 0.0466 

10 ~ 0 . 6 2 3  toluene 0.0330 0.0338 0.0334 

To tal 0.685 0.652 0.670 

$ of  the total 0.70 mole $ impurity 
accounted for  97.9 93-1 95-6 

unaccounted for 2.1 6.9 4.4 
$ of the  t o t a l  0.70 mole $ impurity 

0.150 
0.010 

8.07 5 
0 077 

0. a63 

0.060 

-0.014 

~.0.0018 

0.319 

0.027 

0.012 

0.0411 

0.0396 

0-933 

O a U 7  
0.0087 - 
0.0060 
0.068 

0.054 

0.051 

-0.012 

.-J 0.0015 

0.279. 

0.024 

0.010 

0.0501 

0.0392 

0.808 
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